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PREFACE 


Ir was my endeavour at the Christmas Lectures 
given at the Royal Institution in 1923-24 to 
describe certain features of the recent discoveries 
in physical science. Many of the facts that have 
come to light might well be the subject of 
* Lectures adapted to a Juvenile Auditory,” and 
would be at the same time interesting and helpful ; 
interesting because they display a beautiful order 
in the fundamental arrangement of Nature, and 
helpful because they have given us light on many 
old questions, and will surely help us with many 
that are new. I was aware of two special diffi- 
culties, ‘The first was the difficulty of under- 
standing the minuteness of the scale on which the 
action and properties of the atoms must be repre- 
sented; but, after all, this was only a difficulty 
due to unfamiliarity, and would come to a timely 
end. The other was the difficulty of grasping 
arrangements in space. There are some who think 
that this difficulty is incurable, and that it is due to 
the want of some special capacity, which only a 
few possess. I am persuaded that this is not the 
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case: we should have nearly as much difficulty 
in grasping events in two dimensions as in three 
were it not that we can so easily illustrate our two- 
dimensional thoughts by pencil and paper. If 
one can turn over a model in one’s hand, an idea 
can be seized in a mere fraction of the time that 
is required to read about it, and a still smaller 
fraction of the time that is required to prepare 
the description. Perhaps some of the readers 
of this book will be sufficiently interested to make 
models of the few crystal structures that are 
mentioned in it, and may even go on to other 
structures that are described in larger books or 
in original Papers, 

I have added some 
originally given, 
make the treatme 
complete: they 
sideration at the 
missible in the bo 


What to the lectures as 
The additions are intended to 
nt of the subject a little more 
were not very suitable for con- 
lectures, but are perhaps per- 
ОК because the reader can omit 
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CONCERNING THE NATURE 
OF THINGS 


LECTURE I 
The Atoms of which Things are Made. 


Nearly two thousand years ago, Lucretius, 
the famous Latin poet, wrote his treatise De 
rerum natura—concerning the nature of things. 
He maintained the view that air and earth and 
water and everything else were composed of 
innumerable small bodies or corpuscles, individ- 
ually too small to be seen, and all in rapid motion. 
He tried to show that these suppositions were 
enough to explain the properties of material 
things. He was not himself the originator of all 
the ideas which he set forth in his poem; he was 
the writer who would explain the views which, 
Were held by a certain school, and which he him- 
self believed to be true. There was 2 rival set 
pí Views, according to which, however closely 
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things were looked into, there would be no evi- 
dence of structure: however the water in a bowl, 
let us say, was subdivided into drops and then again 
into smaller drops and so on and on, the minutest 
portion would still be like the original bowl of 
water in all its properties. On the view of 
Lucretius, if subdivision were carried out suffi- 
ciently, one would come at last to the individual 
corpuscles or atoms: the word atom being taken 
in its original sense, something which cannot be 
cut. 

"There is a mighty difference between the two 
views. On the one, there is nothing to be gained 
by looking into the structure of substances more 
closely, for however far we go we come to nothing 
new. On the other view, the nature of things 
as we know them will depend on the properties of 
these atoms of which they are composed, and it 
will be very interesting and important to find 
out, if we can, what the atoms are like. The 
latter view turns out to be far nearer the truth 
than the former ; and for that all may be grateful 
who love to enquire into the ways of Nature. — 

Lucretius had no conception, however, of atomic 
theories as they stand now. Не did not realise 
that the atoms can be divided into so many 
different kinds, and that all the atoms of one kind 
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are alike. That idea is comparatively new : it 
was explained with great clearness by John Dalton 
at the beginning of the nineteenth century. It 
has rendered possible the great advances that 
chemistry has made in modern times and all the 
other sciences which depend on chemistry in any 
It is easy to see why the newer idea has 
h simpler. It is because 
we have to deal with a limited number of sorts 
only, not with a vast number of different indi- 
viduals, We should be in despair if we were com- 
pelled to study a multitude of different atoms in 
the composition of a piece of copper, let us say ; 
but when we discover that there is only one kind 
of atom in a piece of pure copper and in the whole 
world not many different kinds, we may feel full 
of enthusiasm and hope in pressing forward to the 
study of their properties, and of the laws of their 
combinations. For, of course, it is in their com- 
binations that their importance lies. The atoms 
may be compared to the letters of the alphabet, 
which can be put together into innumerable ways 
torom worda, Sọ the ators це combined in 
equal variety to form what are called molecules. 
We may even push the analogy а little further and 
say that the association of words into sentences 
and passages conveying meanings of every kind is 


degree. 
made everything so muc 


4 THE NATURE OF THINGS 


like the combination of molecules of all kinds and 
in all proportions to form structures and materials 
that have an infinite variety of appearances and 
properties and can carry what we speak of as 
life. 

The atomic theory of Lucretius did not con- 
tain, therefore, the essential idea which was neces- 
загу for further growth and progres. It withered 
away, and the very atom came to be used in a 
vague incorrect fashion as meaning merely some- 
thing very small: as sometimes in Shakespeare's 
plays, for instance. In another and very different 
application of “ atomic ” theory Lucretius was 
strangely successful. He had the idea that disease 
was disseminated by minute particle. Ат the 
time of the Renaissance Fracastoro was inspired by 
the atomic theory of infection as he read it in the 
poem of Lucretius; but after his day the secret 
of bacteriology was again covered up until it was 
laid bare by Pasteur. 

Let us think of Nature as a builder, making all 
that we see out of atoms of a limited number of 
kinds; just as the builder of a house constructs 
it out of so many different kinds of things—bricks, 
slates, planks, panes of glass, and so on. There 


1 See “ The Legacy of Rome ” (Oxford University Press), 
Р. 270—an article by Dr. Singer. 
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are only about ninety sorts of atoms, and of these 
a considerable number are only used occasion- 
ally. It is very wonderful that all the things in 
the world and in the universe, as far as we know it, 
are made of so few elements. The universe is so 
rich in its variety, the earth and all that rests on 
it and grows on it, the waters of the seas, the air 
and the clouds, all living things that move in 
earth or sea or air, our bodies and every different 
part of our bodies, the sun and moon and the stars, 
every single thing is made up of these few kinds 


ofatoms. Yes, one might say, that is so: but if 
the builder is given bricks and mortar and iron 
variety of 


girders he will build you an infinite 
buildings, palaces or cottages or bridges ; why may 
not Nature do something like that ? But one has 
to think that when a builder sets out to make a 
structure he has a plan which has cost thought to 
devise, and he gives instructions to his workmen 
who are to carry out his wishes, and so the struc- 
ture grows. We see him walking about with his 
plans in his hand. But the plans of the structures 
of Nature are locked up in the atoms themselves. 
They are full of wonder and mystery, because 
from them alone and from what they contain 
grows the infinite variety of the world. How they 
came to be such treasure-houses we are not asking 
B 
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now. We ask ourselves what these atoms are like : 
we have been asking the question ever since their 
exceeding importance began to be realised more 
than a hundred years ago. Have they size and 
form and other characteristics such as are possessed 
by bodies with which we are familiar? We must 
look into these points. 

, But first let us realise that in the last twenty- 
five years or so we have been given, so to speak, 
new eyes. The discoveries of radioactivity and 
of X-rays have changed the whole situation: 
which is indeed the reason for the choice of the 
subject of these lectures. We can now under- 
stand so many things that were dim before; and 
we see a wonderful new world opening out before 
us, waiting to be explored. I do not think it is 
very difficult to reach it or to walk about in it. 
In fact, the new knowledge, like all sudden revela- 
tions of the truth, lights up the ground over 
which we have been travelling and makes things 
easy that were difficult before. It is true that 
the new lines of advance now open lead the way 
to fresh difficulties: but therein lies the whole 
interest and spirit of research. We will try to 
take the first steps into the new country so that 
we may share in the knowledge that has already 
come, and comes in faster every day. 


ыб айналы баанан ан: :d— 
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We go back to our questions about the atoms. 
Before the new period set in remarkably accurate 
answers had already been given to some of them, 
atleast. In this theatre of the Royal Institution, 
Lord Kelvin gave several addresses which dealt 
with the properties of atoms, and especially with 
their sizes. By several most ingenious and 
indirect devices he arrived at conclusions which 
we are now able to test by accurate methods; 
and we find that he was remarkably close to the 
truth. It was, of course, far more difficult to say 
what was the size of any particular atom than it was 
to say how much larger one atom was than another. 
For instance, the sizes of the atoms of potassium 
and carbon could be roughly compared by taking 
into account the relative weights of equal volumes 
of the solid potassium metal and of diamond which 
is a form of pure carbon. Potassium is lighter 
than water, the diamond is three and a half times 
as heavy. We know from chemical observations 
that the individual potassium atom is rather more 
than three times as heavy as the carbon atom. 
If we suppose that the packing of the atoms in 
the two cases is the same (as a matter of fact, we 
now know that it is only approximately so) we 
must conclude that the atoms in the metal 
potassium are much larger than the carbon atoms 
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in the diamond, because, though heavier individ- 
ually, they pack so as to make a lighter material. 

To make a reasonable estimate of the actual 
size of any one atom is a much more difficult 
matter, but all the four lines of reasoning which 
Kelvin employed led him to very nearly the same 
result, “ The atoms or molecules of ordinary 
matter must be something like the 1/10,000,000th 
or from the 1/10,000,000th to the 1/100,000,000th 
of a centimetre in diameter.” 1 Our new methods 
tell us that the diameter of the carbon atom in 
diamond is 1°54 hundred millionths of a centi- 
metre and that of the atom in the metal potassium 
is 4°50 hundred millionths. We see that Lord 
Kelvin’s estimate was wonderfully near the truth, 
considering the indirect and inexact methods 
which alone were at his disposal. 

In Fig. 1 are shown sections of certain atoms 
on a scale of fifty millions to one. The inserted 
figures give in each case the distance, in hundred- 
millionths of a centimetre, between the centres 
of two neighbouring atoms in the pure substance. 
For example, the distance between two carbon 
atoms in the diamond is 1-54 hundred-millionths 
of a centimetre. In the case of oxygen the 


' 1 From a Friday Evening Discourse before the Royal Institu- 
tion of Great Britain, March 4th, 1881. 
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diameter has been calculated from the structure 
of crystals in which oxygen occurs If the 
lecture-room of the Royal Institution were 
magnified as much as the atoms of Fig. 1, its 
height would be greater than the distance from 
the earth to the moon. We need some such com- 
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parison as this to make us realise the excessive 
smallness of the things of which we are talking. 
At the same time, we must keep in mind that they 
are not negligible because they are small: they are 
the actual elements of construction of the world 
and of the universe, and their size has nothing to 
do with their importance. But their smallness 
accounts readily for the ease with which we all 
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overlook them, and for the difficulty we have in 
examining them when at last we have realised 
what they mean to us. The value of the new 
methods of which I propose to speak lies in the 
fact that they enable us to deal with them although 
they are so small. 

We have now answered in a way the question 
as to the size of the atoms; but when we go 
further and ask ourselves about the shape we are 
not so successful. 

The chemist, whose science is immediately 
concerned with the combinations of atoms, has 
rarely found it necessary to discuss their shapes, 
and gives them no particular forms in his diagrams. 
That does not mean that the shapes are unim- 
portant, but rather that the older methods could 
not define them. There is one sense, however, 
in which the chemist pays much attention to form. 
The atoms in a compound are arranged in some 
fashion or other which is important to the com- 
bination. If one could see it and sketch it, one 
would be obliged to show it in perspective. In 
the science of organic chemistry especially it is 
found to be necessary to imagine such arrange- 
ments in space. It is not enough to represent 
them on the flat with no perspective at all; in 
fact, it is obvious that any flat design must be 
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imperfect in any sort of chemical picture. We 
are unfortunately compelled to use the flat for 
our drawings; solid models in space are costly to 
make, while paper and pencil are cheap. It is 
curious to reflect what a handicap this technical 
difficulty puts on the proper development of a 
very important matter. Now, when we come to 
prescribe the arrangements of the atom to its 
neighbours, and to say that if one neighbour lies 
in this direction, another must lie in that, we are, 
in effect, giving shape to our atoms; at any rate, 
it is all the shaping that can be done for the 
present. We cannot do more until we know 
more about the internal structure of the atom: 
what its parts are, and how they are disposed to 
one another. } 

In the newer work, as we shall see, the arrange- 
ment of the atoms is much more closely examined, 
and for the first time their actual distances apart 
are measured. We find it absolutely necessary 
to make models because we do not see with suffi- 
cient clearness if we are content to draw on paper. 
We represent our atoms as round balls, and we 
find that we are able to represent most of our 
discoveries in this way. This really means that 
when an atom has several neighbours of the same 
kind it is equally distant from them all; and this 
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is actually the case. Nevertheless, there are excep- 
tions, as in the crystal of pure bismuth, where 
each atom has six neighbours and three of them 
are closer than the other three. We have to make 
a ball with three flats on it for use in constructing 
the bismuth model (Plate I a).* 

Let us now ask ourselves what binds the atoms 
together into the various combinations and 
structures. Like our builder, we have got in our 
materials—the bricks, slates, beams and so on; 
we have our various kinds of atoms. If we look 
round for mortar and nails we find we have none. 
Nature does not allow the use of any new material 
as a cement. The atoms cling together of them- 
selves. The chemist tells us that they must be 
presented to one another under proper conditions, 
some of which are very odd ; but the combination 
does take place, and there is something in the 
atoms themselves which maintains it when the 
conditions are satisfied. The whole of chemistry 
is concerned with the nature of these conditions 
and their results. 

The atoms seem to cling to one another in 
some such way as two magnets do when opposite 
poles are presented to each other; or two charges 
of electricity of opposite nature. In fact, there 
is no doubt that both magnetic and electric 


* Plates will be found at the end of the volume, 
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attractions are at work. We are not entirely 
ignorant of their mode of action, but we know 
much more about the rules of combination— 
that is to say, about the facts of chemistry—than 
we do about the details of the attractions. How- 
ever, we need not trouble ourselves about these 
matters for the present; we have merely to 
realise that there are forces drawing atoms to- 
gether. : 

We may now ask why, if there are such forces, 
the atoms do not all join together into one solid 
mass? Why are there any gases or even liquids? 
How is it that there are any atoms at all which do 
not link up with their neighbours? What pre- 
vents the earth from falling into the sun and the 
final solidification of the entire universe? 

The earth does not fall into the sun because 
it is in motion round the sun, or, to be more 
correct, because the two bodies are moving round 
one another. It is motion that keeps them apart ; 
and when we look closely into the matter we find 
that motion plays a part of first importance in all 
that we see, because it sets itself against the 
binding forces that would join atoms together 
in one lump. In a gas, motion has the upper. 
hand; the atoms are moving so fast that they 


have no time to enter into any sort of combina- 
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tion with one another: occasionaly atom must 
meet atom and, so to speak, each hold out vain 
hands to the other, but the pace is too great and, 
in a moment, they are far away from each other 
again. Even in a liquid where there is more 
combination and atoms are in contact with each 
other all the time, the motion is so great that no 
junction is permanent. 

In a solid the relative importance of the 
attractive forces and the motion undergoes another 
change: the former now holds sway, so that the 
atoms and the molecules are locked in their places. 
Even in the solid, however, the atoms are never 
perfectly still; at the least they vibrate and 
quiver about average positions, just as the parts 
of an iron bridge quiver when a train goes over it. 
It is difficult to realise that the atoms and mole- 
cules of substances which appear to be perfectly 
at rest, the table, a piece of paper, the water in a 
glass, are all in motion. Yet many of the older 
philosophers grasped the fact. For example, 
Hooke, an English physicist of the seventeenth 
century, explains by a clear analogy the difference 
which he supposed to exist between the solid and 
the liquid form : ascribing it to a movement of 
the atoms which was greater in the liquid than 
in the solid state. © First," he says, “ what is 
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the cause of fluidness? This I conceive to be 
nothing else but a very brisk and vehement 
agitation of the parts of a body (as I have else- 
where made probable); the parts of a body are 
thereby made so loose from one another that 
they easily move any way, and become fluid. 
That I may explain this a little by a gross simili- 
tude, let us suppose a dish of sand set upon some 
body that is very much agitated, and shaken with 
some quick and strong vibrating motion, as on a 
- millstone turn'd round upon the under stone 
very violently whilst it is empty; or on a very 
stiff drum-head, which is vehemently or very 
nimbly beaten with the drumsticks. By this 
means the sand in the dish, which before lay like a 
dull and unactive body, becomes a perfect fluid ; 
and ye can no sooner make a hole in it with your 
finger, but it is immediately filled up again, and 
the upper surface of it levelled. Nor can ye 
bury a light body, as a piece of cork under it, 
but it presently emerges or swims as ’twere on 
the тор; nor can ye lay a heavier on the top of it, 
as a piece of lead, but it is immediately buried in 
sand, and (as "twere) sinks to the bottom. Nor 
can ye make a hole in the side of the dish, but 
the sand shall run out of it to a level. Not an 
obvious property of a fluid body, as such, but this 
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does imitate; and all this merely caused by the 
vehement agitation of the conteining vessel; 
for by this means, each sand becomes to have a 
vibrative or dancing motion, so as no other 
heavier body can rest on it, unless sustein'd by 
some other on either side: nor will it suffer any 
body to be beneath it, unless it be a heavier than 
itself.” 

Hooke’s experiment can be repeated in a some- 
what different form. A cylindrical metal box, 
ten inches wide and three inches deep, is fixed 
upon a platform which is supported on metal 
balls so that it moves easily. It is connected 
through an eccentric joint with a turning table 
as shown in Plate Is. When the wheel 1s 
turned rapidly, ‘the box and the sand which it 
contains are violently agitated as Hooke pre- 
scribes. The details of the mechanism are best 
understood by reference to the figure. А heavy 
metal ball placed on top of the sand disappears 
at once, and light objects, such as ping-pong balls, 
rise to the surface. А very ludicrous effect 18 
produced if we bury in the sand some of the 
celluloid figures which cannot be made to lie 
down because they are heavily weighted at the 
bottom. The figures slowly rise out of the sand 
and finally stand erect. (Plate Ів and Fig. Ta.) 
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We know now that the motion of the atoms of 
a body is really its heat: that the faster they move 
' or vibrate the hotter the body becomes. When- 
ever we warm our hands by the fire, we allow the 
energy radiated by the fire to quicken up the 
movements of the atoms of which the hands are 
composed. When we cool any substance we 
check those movements. If we could still them 


altogether we should lower the temperature to a 
h it would be impossible to go, 


point beyond whic 
as it is usually called, 273 


the absolute zero, 
degrees centigrade below zero. 

As I have said already, we have found two new 
allies, radioactivity and X-rays, in our attempt 
to see the very minute atom. They have in- 
creased the fineness of our vision some ten thousand 
times. ‘The microscope had done its best for us; 
but the smallest thing which it could show us was 
composed of billions of atoms. No improvement 
could be made in the microscope lenses: tech- 
nique had reached its highest. The difficulty was 
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really due to the fact that light is a wave motion 
and light waves cannot show us the details of 
objects unless the objects are much larger in every 
way than the length of the wave. We wanted a 
new light of very short wave length. It came 
in the form of the X-rays. At the same time 
radioactivity came to show us what a single atom 
could do by itself if it were given a tremendous ` 
speed. We can now both see the single atom, 
indirectly no doubt but quite usefully, and also 
observe something which it does: the X-rays help 
us with the former and radioactivity with the 
latter. I hope to explain to you how both these 
agents are adding to our knowledge, and I will 
take radioactivity first. 

The atom of radium might be roughly repre- 
sented in size by one of the larger balls that lie 
before you. It is one of the heaviest and largest 
of the atoms; a number of them together form 
a substance which is a metal like iron or gold. 
It is, of itself, in no obvious way peculiar as long 
as it continues to be an atom of radium, but, 
for some reason, which no one understands, there 
comes a moment when it bursts. A small portion 
is hurled away like the shot from a gun, and the 
remainder recoils like the gun itself. The 
remainder is not radium any more, it is a smaller 
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atom, having entirely different properties. The 
radium has turned into a new substance. Аза 
matter of fact, the new substance is a gas, while 
the projectile turns out to be an atom whose 
weight is low down in the series of atomic weights, 
the lowest but one in fact; it is called helium. 
No one knows what brings about the explosion, 
nor does any one know a way of hastening it, or 
of hindering it. 'The radium atom is just as 
likely to explode at any given moment if it is in a 
furnace as if it is immersed in liquid air. Indeed, 
its independence of its surroundings in respect 
to its time of explosion is shown in a much 
stronger light by the fact that combination with 
other atoms makes no change. Combination, or 
molecule-forming, is, no doubt, concerned with 
the outside arrangements of the atoms, but the 
bursting of the atom comes from inside. 

The old alchemist tried to find a means of 
converting one atom into another, preferably 
lead into gold. In the action of radium there is a 
transmutation, to use an old word, of the kind 
of which the alchemist dreamt. But it is not 
exactly what he strove for, in two ways. In the 
first place, it cannot be controlled by human will 
— which is extraordinary, because there are not 
so many things of which this can be said. Even 
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when an operation is quite beyond our power to 
understand, we can often decide whether or not 
it shall happen. We cannot understand how a 
seed germinates, much less make one that will do 
$0; but we can lock up seeds in a drawer and 
prevent them from germinating as long as we like. 
But the radium explosion does not wait on any- 
thing which we do. 

In the second place, the transmutation does not 
end in gold: it ends rather in lead. The gas 
which consists of atoms of radium that have shot 
off one atom of helium is very short-lived : the 
average life of each of its atoms is a little less than 
four days, in contrast to the average life of the 
radium atom, which is about two thousand years. 
The second explosion * transmutes ” the gas atom 
into a new substance called Radium A, and on 
the occasion another helium atom is shot away. 
There is a further succession of explosions, at very 
varying average intervals, and the final product 18 
actually lead, not gold. The gas was called the 
* radium emanation” by Rutherford, who dis- 
covered it. 

The whole operation is very wonderful, but ] 
want to call attention to what happens to the 
projectile when it has left the gun. The velocity 
with which it starts is so great that one coul 


| 


‚ facts of radioactivity. 
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never have thought any particle of matter could 
have possessed it. When Huyghens argued with 
Newton on the subject of the nature of light, 
he condemned Newton's idea that light consisted 
of a flight of corpuscles, on the ground that 
material particles could not possibly travel as 
fast as light had just been found to move. It is 
curious that we now find atoms moving with 
speeds comparable with, a tenth or twentieth of, 
that which then seemed impossible. There are 
even certain particles, called electrons, also 
emitted by radioactive substances, which travel, 
in some cases, very nearly as fast as light. It is 
also curious that the second argument of 
Huyghens was equally unfortunate in view of 
the observed phenomena of radioactivity. He 
said that it would be impossible, on Newton’s 
theory, for two people to look into each other’s 
eyes because the particles would meet each other 
and fall to the ground. We shall presently see 
that this argument also is set at nought by the 


The velocity with which the helium atom begins 
ke 10,000 miles in a second, 


its flight is something li 

In less than a minute it could get to the moon 

and back again if the speed were maintained, but 

the curious thing is that for all the speed and 
c 
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energy with which it starts it never gets far when 
it has to. pass through anything material. Even 
if it is allowed to finish its course in the air, its 
speed has fallen to something of quite ordinary 
value after it has traversed a course of two or 


three inches in length. The course is, in general, ` 
perfectly straight, as we shall presently see in an. 


actual experiment, and this is the very important 
point which we must consider with particular 
care. At first sight one does not realise how 
remarkable it is that its path should be straight : 
one thinks of a bullet fired through a block of 
wood, let us say, and making a cylindrical hole, 
or of the bullet in its straight course through the 
air. But the comparison is unfair. ‘The bullet 
is a mass of lead enormously heavier than any 
molecule which it meets, and it brushes the air 
aside. But the helium atom is lighter and 
smaller than the atoms of nitrogen or oxygen of 


which the atmosphere is mainly composed, and. 


We must think of some more truthful comparison: 
Suppose that a number of billiard balls are lying 
on a billiard table, and let them represent alr 
molecules. If they are in movement the picture 
will be more correct, but the point does not really 
matter. Now let us drive a ball across the table 
aiming at a point on the opposite cushion, and 
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watch what happens as the ball tries to get 
through the crowd that lies on the table, which 
crowd may or may not be in movement. It hits 
one of the balls and is turned to one side; it 
hits several in succession, and soon loses all 
trace of its original direction of movement. 
Shall we now drive it with all the force we 
can, and see whether it keeps any more nearly 
to the straight path? We try, and find that 
there is no improvement at all. The straight 
path cannot be obtained by any increase of speed, 
however great. 

This picture or model is much more faithful 
than that of the moving bullet, and shows more 
clearly the remarkable nature of the radium effect. 
A helium atom must encounter a very large 
number of air molecules if it proceeds on a 
straight-line path, and if the atoms are of the size 
we have supposed them to be. In fact, the mole- 
cules lie far more thickly on the path than we 
can represent by the billiard-table model. It is 
possible to calculate how many air molecules, 
some oxygen, some nitrogen, would be pierced by 
a straight line three inches long drawn suddenly 
at any moment in the air, and the result is to be 
expressed in hundreds of thousands. How can 
the helium atom charge straight through this 
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crowd, every member of which is heavier than 
itself? It does so, however, and we have to find 
some explanation. 

Perhaps it might be thought that the straight- 
ness of the path is only apparent, and that if we 
could look into it in sufficient detail we should 
see that it was made up of innumerable zigzags 
made in going round the molecules met with. 
But a moment’s reflection shows that the idea 1s 
absurd: the atom would need to possess the 
intelligence of a living being to give it the power 
of recovering a line once lost. If there were 4 
cake shop on the opposite side of a crowded street; 
and if we gave a boy sixpence and directed him 
to the shop, he would no doubt pursue a path 
which was effectively straight, though it. would 
be broken up by the need of dodging the various 
people and vehicles which the boy met with. 
But one cannot imagine an atom of helium doing 
anything of the sort. 

There is only one way of explaining the marvel 
of the straight path: we must suppose that the 
helium atom goes through the molecules it meets, 
and that somehow it is enabled to do so by the 
fact that it is moving at such an unusual speec- 
It is a very startling idea. However, no other 
suggests itself; and, as a matter of fact, it bau 
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out that we can explain many other things by its 
aid. Consequently, we feel sure that we are on 
the right track. 

It is time now that we should see this effect 
with our own eyes: the conclusion at which we 
have arrived is so new and so full of meaning that 
we would like to 
have an experimen- 
tal demonstration 
if possible, and 
convince ourselves 


ня 
of the reality of ПА 2 
these straight-line 2 


7 
paths. We owe to p 


Mr. C. T. R. Wil- Fio. 2.—Section of the expansion chamber 
in Mr.C, T. R. Wilson’s apparatus for measuring 


son a beautiful the track ot helium atoms (see also Plate П). 


> PP is di suddenly from the 
piece of apparatus рор Indicated b аы ше ito the 
tion indicated by the full lines: so that 


i i s à hamber is suddenly chilled by 
which gives u the al m and fog settles on the tracks of the 


vivid picture of аш atoms shot out by the radium at R. 
what happens, and 1 

we will make use of it at once. The experiment 
is in my opinion, one of the most wonderful 
in the world of science. We are going to see 
the actual tracks of separate helium atoms, each 
of which begins its course at a speed of ten 
thousand miles a second and yet completes it 
after traversing about three inches of air. But 


I 
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we must first enter upon some explanation of 
how the apparatus works; for there are ingenious 
devices in it. 

There is a cylindrical box of brass, with a glass 
top and a base which can be raised or lowered 
so as to alter the depth of the box. There is a 
machinery of wheels, cranks and levers by which 
the bottom of the box can be suddenly dropped at 
convenient intervals. Whenever this happens, 
the air or other gas which the box contains is 
chilled by the sudden expansion. We shall study 
effects of this kind more carefully in the next 
lecture. At the side of the box, in its interior 
a minute speck of radium is mounted on a suitable 
holder. Every moment some of its atoms break 
up and expel atoms of helium, of which a certain 
number are shot straight into the box. The 
diameter of the box is big enough to allow the 
atoms to finish their courses in the air within. 
The average life of radium is so long that even } 
the apparatus held together for two thousan 
years, half of the radium speck would still be left. 
Yet each second, ten, twenty or a hundred atoms 
disappear in the expulsion of the helium atoms: 
Perhaps in no better way can it be shown how 
many atoms are concentrated in a small compass: 

The air in the chamber is kept damp, con- 
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sequently the chill due to expansion tends to 
produce a fog. Fog when it has to settle prefers 
to deposit itself on a solid nucleus of some sort, 
rather than to form independent drops in the air. 
The small particles of dust, if there are any, are 
made use of, which is the reason why fogs so 
readily form in a dirty atmosphere. But of all 
things moisture prefers to settle on those atoms 
through which the helium atom has passed. The 
reason is that the atom is temporarily damaged 
by the transit: a small portion has generally been 
chipped away. The portion removed is what we 
now call an “electron”; it is charged with nega- 
tive electricity, and the atom which has lost it is 
correspondingly charged with positive electricity. 
The electron set free settles on some neighbouring 
atom, sooner or later; and in consequence there 
are two charged atoms, one positive and one 
negative, where previously there were no charged 
atoms at all. The charged atoms have a great 
attraction for moisture, and the fog forms on 
them in preference to anything else. If, there- 
fore, a helium atom has just made its straight road 
through the gas, and has left behind it numbers 
of charged atoms on its track, and if, at that 
moment, the sudden expansion causes a chill, fog 
settles along the track. A bright light is made 
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to illuminate the chamber, so that the fog tracks 
are visible as bright straight lines, showing against 
the blackened background of the bottom of the 
cylindrical chamber. They last a few seconds, 
and then the fog particles slowly disperse. If the 
helium atom completes its track just before the 
fog is formed, the line is sharp and clear ; because 
the charged atoms have not had time to wander 
from the track. But if the track is made some 
time before the expansion, the line of fog is more 
diffuse. Itis to be remembered that the helium 
atoms are being shot out all the time, day an 
night; but it is only when an expansion is made 
that tracks are made visible,1 

If we watch the successive expansions, we 56 
that the tracks, though quite straight over large 
parts of their course, do undergo at times sudden 
sharp deflection, especially when they are nearing 
the end. This remarkable effect turns out 3) 
be most important, and we must refer to i 
presently. e 

Let us now try to picture to ourselves in W ү? 
Way we must modify our first conception of t É 
atom so that we can explain the effects we no 


" е 
1 In the lecture the working of the apparatus was Шш а 
by a kinematograph film which had been made for the ри 
It showed a series of successive expansions, each forming а 
set of lines like those shown in Plate III. 
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see. The atoms must be so constituted that 
when they meet one another in the ordinary way, 
аз, for example, when molecules of oxygen collide 
in the atmosphere, they behave as if each had a 
domain of its own into which no other might enter. 
Or, when they are pressed together, as in a solid, 
they occupy as a whole an amount of space which 
is sufficient to make room for them all. But 
when one atom—the helium atom is our chief 
example—is hurled against others with sufficient 
speed, the one atom goes through the other, as if 
the defences round the domains had been broken 
down. We find a satisfactory explanation when 
we imagine each atom to be like a solar system 
in miniature. There is to be a nucleus, corre- 
sponding to the sun, and round the nucleus there 
are. то be satellites or planets, which we call elec- 
trons. The nucleus is charged with positive 
electricity ; each electron is charged with negative 
electricity, and all electrons are alike. The 
positive charge on the nucleus is just enough to 
balance the united negative charges of the elec- 
trons. The electrons are supposed to be in 
Movement, just as the planets are revolving round 
the sun, but the movements are no doubt com- 
plicated, and their nature need not for the moment 


Concern us at all. 


30 THE NATURE OF THINGS 


Instead, therefore, of a round hard ball of a 
certain size, which was our first rough picture of 
an atom, we have something like a solar system in 
Miniature. We can at once see how one atom 
of this kind can pass through another, just as we 
might imagine one solar system passing through 
another, without injury to either provided that 
no one body of one system made a direct hit on 4 
body of the other and that the motion was quick 
enough. The latter condition is necessary because 
if one solar system stayed too long inside or in the 
neighbourhood of another there would certainly 
be very serious disturbances of the courses of the 
planets. A 

But then, we may ask, how can an atom, if this 
be its nature, have the power of keeping another 
outside its own domain ? How can it appropriate 
any portion of space to itself, and prevent the 
intrusion of another atom when the speed at which 
they meet is low ? The explanation becomes cleat 
when we consider the special arrangement of the 
Positive and negative charges. Every atom % 
surrounded by a shell or cloak of electrons; and, 
when two atoms collide, it is their shells which 
first come close together. Since like charges ° 
electricity repel one another, the two atoms W ; 
experience a force which tends to keep them apart * 
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in other words, they will resist encroachment on 
their own domains. This is, no doubt, a very 
rough picture of what actually happens, and as a 
matter of fact it is difficult to explain the strength 
of the resisting forces on such a simple hypo- 
thesis, Still, it is on the right lines, no doubt. 
When the two atoms approach each other at a 
high speed, the system of electrons and nucleus 
of one atom slip through those of the other. A 
model will help to illustrate the point. 

Plate IV A shows a set of bar magnets mounted 
On spiral springs and standing erect. The top of 
the inside magnet is a north pole, and the tops of 
the magnets of the outside ring are south poles. 
The model represents roughly the central nucleus 
surrounded by a ring of electrons. In the model 
everything is in one plane; in the atom it is not 
so, but the point is not important. A single 
Magnet is suspended by a long thread from a point 
Vertically over the “nucleus » magnet. Its 
lower end is a south pole and the length of the 
thread is such that the swinging magnet just 
clears the fixed magnets. Observe now that if 
We pull the swinging magnet to one side (Š in 
Fig. 3, а), but not too far, it moves towards the 
fixed set and is unable to enter in. It seems to 
knock at the door at one place after another, but 
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always recoils. Just so would an electron beat 


in vain against the outer defences of an atom, 


if it did not beat hard enough. We can easily 
imagine that if the single swinging magnet were 
replaced by a system of magnets, like our 
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stationary set, the same result would follow: 
Here we have a picture representing our Bor. 
аз we now think of them, beating against саб 
other and recoiling; each occupies а certain 
domain of space and prevents the intrusion O 
any other atom. 


But if the swinging magnet is drawn sufficiently 
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far to one side so that it acquires a greater speed 
than before, by the time it reaches the stationary 
set its momentum will carry it through. If the 
speed is very great, it shows no appreciable 
change in its motion due to its passing (Fig. 3, с); 
if the speed is rather less, it often suffers in going 
through (Fig. 3, Р). It comes out less vigorous 
than when it went in; often it has changed the 
direction of motion also, and it has obviously left 
energy behind, for the magnets of the stationary 
set are left quivering. This happens no matter 
which pole of the swinging magnet is the lower, 
and clearly the same effect would be shown if the 
single swinging magnet were replaced by a more 
complicated set of nucleus and attendant 
satellites. 

The behaviour of the model helps us to antici- 
pate what we should find when atoms of our 
new design come across one another. If they 
approach at a moderate speed, they may rebound 
from one another; at a high speed they go 
through each other, and the higher the speed, the 
®театег the chance of a passage without any 
obvious result. But there is always the chance 
that the nucleus of the moving atom may go so 
near to the nucleus of the atom through which it 
1s passing that it experiences а perceptible deflec- 
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tion. The smaller the nuclei are, the less likely 
it is that this will happen. 

You wil have guessed already that you have 
actually seen such deflections as these in the 
kinematograph picture, such as also are shown in 
Plate III A to c. The tracks of the helium atom are 
quite straight in the main, but there are decide 
breaks in the straight lines, usually not more than 
one or two in each track. They are found mainly 
towards the finish. This is what might be 
expected, since the motion will then be doi 
Several of them appear in Plate III a; a very goo 
example of this kind of track is reproduced оп 2 
large scale in Plate III с. The upper track show? 

a slight but sharp deflection at a little distance fro? 
` the end of its course, and a more pronounce 
deflection further on. Nearly every track ast 
some deviations at the very end. ‘Thus the n^ е 
conception of atomic structure explains all t 
effects in a satisfactory way. ty 

It is strange to think of an atom as being етш 
as a solar system: not a round, hard and abs? 
lately impenetrable body, but a combination in 
nucleus and electrons which occupies а OY 
space somewhat as an army occupies a COUP try 
The bodies of the soldiers do not fill the co iers 
from boundary to boundary ; but enemy sol 
may not enter nevertheless. 
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These very characteristic pictures are the fruit 
of much watching and photographing. Breaks 
are found at every expansion, but it mày be neces- 
sary to wait for a really good one. A very fine 
picture is shown in Plate III р. Itis due to Mr. P. 
Blackett. In this case, helium was used instead 
of air. The nucleus of the flying helium atom, 
In traversing a helium atom belonging to the gas, 
has made an almost direct hit on the nucleus of 
the stationary atom : it has cannoned off it, as a 
billiard player would say. Both atoms now move 
With not unequal speeds, and both make fog tracks, 
as the figure shows. In Plate III c if we look 
carefully, we see that there is a minute spur on the 
last bend of the track already mentioned, which 
Means that in this case an atom of oxygen ог 
nitrogen has deflected the helium atom and has 
recoiled in consequence. Its track is very short, 
because it is much heavier than the atom which 
Struck it, and, therefore, the velocity given to 1t 
has been comparatively small. 
: There is a certain curious feature to be found 
in some of the photographs which may well be 
explained. In some of the tracks there are gaps, 
as if the fog settling had failed. This is indeed 
the actual fact: there is no moisture to settle, 
because a helium atom has gone that way some 
very short time before and has used up the 
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moisture in the neighbourhood. In Plate III » 
several tracks due to radium emanation are 
Shown. "They seem to start from anywhere in the 
chamber because the atoms of the emanation have 
wandered about the chamber before blowing uP- 
The next question that arises is as to the 
number of electron satellites which each atom 
possesses, Here we come to a very beautiful and 
remarkable feature of the new discoveries. It 38 
not necessary to explain in full how it was dis- 
covered; we will be content with describing 1t- 
In the atom as we now have it the nucleus 5 
charged with positive electricity, the amount ? 
the charge being just enough to neutralise the 
negative charges on the attendant electrons. 
electrons, as we have already seen, are alike. 
find that atoms differ in the number of atte?” 
dants which they can maintain, and that ts 
statement of that number describes the , ato® 
completely so far as its attitude towards 06 
atoms is concerned. For instance, the ato™ ^l 
carbon can hold six electrons ; the positive charg 
on the nucleus is the counterpart of six standar 
negative charges, Every atom which can p 
six electrons is a carbon atom : no other definiti? 
ps the carbon atom is required. Just sol ht" 
seven-electron ? atom is nitrogen, the dE 


We 
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electron” is oxygen and so on. All numbers 
are found in Nature, with very few exceptions, 
from the “ one-electron” atom—hydrogen—up 
to the © ninety-two-electron ” atom—uranium. 
The missing numbers will probably be found some 
day; more or less accidentally, it may well be. 
We may use models as a rough illustration of 
the point. The nucleus (Plate IV 8) is repre- 
sented by a white ball of solid rubber, the 
electrons by smaller balls forming the heads of 
pins which are stuck into the centre ball. The 
Pins may be of different lengths (р. 77). 
It is strange that the immense variety in Nature 
Can be resolved into a series of numbers. It was 
at one time thought that the various sorts of 
atoms owed this variety to something more than 
that ; it is a great surprise to find such a simple 
kind of difference between atom and atom. The 
unchanging feature of any particular sort of atom 
A the positive charge of electricity on the nucleus. 
tisin consequence of this that the proper number 
Of electrons gather round. We may expect that 
they will arrange themselves in some fashion; 
We shall see later that they certainly do 80. The 
Sort of arrangement they take in each case, and 
е nature of the forces put into jt, are Very 
ficult questions, most of which we may well put 
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to one side for the present, contenting ourselves 


gether. The arrangement in which they settle 
finally is governed partly by the pull towards 
centre and partly by the mutual repulsior? 
Something of this kind must take place 12 
atom, but we must not push the analogy 
closely, because the forces may be quite Ra 
those which are exerted in the model. We s 
content ourselves with observing that when PP 
are only a few magnets afloat they group the ed 
selves in a ting; but when the number is increas 
they arrange themselves in concentric rings 3 
Pretty effect is produced by putting ™ 2 
additional magnet at the edge of the basia take 
watching it float away in a stately fashion t° 

its proper place, 


too 
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A similar division into concentric shells or 
groups is found in the arrangement of the electrons 
round the central nucleus of the atom. We will 
consider this more carefully in the next lecture. 
The experiment does not prove that there ought 
to be such an arrangement, but certainly suggests 
1t. 

We may now see more clearly what happens 
when the helium atom injures the atoms through 
Which it passes and renders them attractive to 
the particles of moisture that form the fog. It 
is possible, in fact, for an atom to be deprived of 
one of its Attendant electrons. Having lost one, 
it resists more strongly the loss of a second, still 
more of a third. As the helium atom goes on its 
Way, it strips one atom after another of an atten- 
dant, and the electron set free goes off on a course 
of its own, But its separate life is very short- 
lived: it is soon attached to another atom. 
The atom that has lost an electron is now posl- 
tively charged; the gainer is negatively charged. 

he two atoms would make things even ара if 
they came sufficiently close together, and as 
they move about in the gas the negatives and the 
Positives do in the end give and take electrons, 
and the whole gas is neutral once more. ` 

There is a beautiful experiment with which we 
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may end this lecture. When the helium atoms 
strike certain substances they excite a phosphor- 
escent glow. It is really, when we look into it 
closely, a set of minute flashes due to the impacts 
of the separate atoms; under a microscope the 
effect is as when we drop pebbles into a phos- 
phorescent sea. The glass vessel (Plate V в) COD” 
tains crystals that phosphoresce under the stimulus 
of the swift-moving helium atoms ; one is kunzite, 
another zinc sulphide, another willemite. In 
another tube is a quantity of radium emanation : 
the gas which, you will remember, is the imme" 
diate descendant of radium itself. When it * 
released and is allowed to pass into the tubes 
containing the crystals the latter glow in brilliant 
colours. In the figure the crystals have been 
made to photograph themselves by their own 
phosphorescence. 

The radium action has, we see, given us 4 
remarkable insight into the structure of the atom» 
for which there is a general reason to be given 
The student of science has long been familia? 
with the existence of various atoms and with the? 
properties; he has never seen one, nor the effect 
of one. He has handled atoms in crowds only: 
When the chemist causes elements to form < 
pounds, or analyses compounds into elements 
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deals with enormous numbers of atoms in any 
operation big enough to see. But in this radio- 
active effect we observe the action of one atom 
at a time, and here lies the secret of the advance. 
The speed of the helium projectile, a hundred 
thousand times the speed with which the atoms 
move ordinarily when they form part of a gas, 
gives the individual atom the power of making 
itself felt. When we look at the fog tracks, we 
see the actions of separate atoms; "we see some- 
thing which would have filled the early defenders 
of the atomic theory with astonishment and 
pleasure. One atom of helium passes through one 
atom of oxygen, let us say; and comes out on 
the other side, and both may bear evidences of 
the encounter. Effectively we use such evidence 
to help us to determine the nature of the atoms. 
The helium atom is like a spy that has gone into 4 
foreign country and has come out again with a 
tale to tell. 


LECTURE II 


THE NATURE OF GASES 


We have seen that all things are made of about 
ninety kinds of atoms, and that in them is wrappe 
up the mystery and the infinite variety of the 
material world. In each there is a nucleus which 
is positively charged; round the nucleus are 
electrons which are units of negative electricity 
The positive charge of the nucleus is a multiple 
of a certain unit charge, equal to the charge 0P 
the electron, but of opposite sign. The number 
of electrons which every atom possesses under 
normal conditions is an exact balance to the po" 
tive charge on the nucleus, so that the atom 2$ 2 
whole is not charged; its positive and negativ 
charges balance. Whether or not the electron 
are revolving round the central nucleus like pes 
round a sun, or whether they possess other пос 
complicated motions аге not matters of import42“ 
to us for the moment. Something is known Т. 
these points, but the whole question is difficu E 
The only consequences of this strange arran£ 

42 
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ment of nucleus and electrons which we must 
consider can be drawn without thinking about the 
possible motions. One consequence is that the 
atoms do not encroach on each other's domains 
under ordinary circumstances. Each has an 
outer cloak or shell of electrons; and when two 
atoms are brought close together there is a resist- 
ing force which we may suppose to be due to the 
mutual repulsion of the two shells. But when two 
atoms are hurled at each other with sufficient 
speed the outer defences may be broken down and 
the atoms pass through each other. When this 
happens the atoms may afterwards disentangle 
themselves and pass on their way as if there had 
been no encounter at all: one or both may have 
suffered the loss of an electron or two, but the 
damage is soon made good. It is only when the 
nucleus of one approaches sufficiently close to 
the nucleus of the other that there is а change of 
motion like that; due to the meeting of two balls. 

hanges of this kind are so rare and imply such a 
closeness of approach that we are bound to think 
ОЁ the nucleus as very small indeed. These 
Penetrations of atomic domains are brought to 
ur notice by the actions of radium and similar 
Substances, as explained in the first lecture, and 
are of importance to us because they make us 
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realise the empty nature of the atom, and its sun 
and planet structure. They do not occur in the 
usual relations of atoms to one another, because 
the speed is far too small. The domain which 
the atom occupies to the exclusion of others is 
about a hundred millionth of an inch across; 
it is within this minute space that the nucleus 
and the electrons perform their relative motions. 
The light atoms haye smaller domains, and the 
heavier somewhat larger: a factor of three or four 
will take us from the smallest to the largest. 

I have said that all atoms are in motion, 
that there is a constant struggle between $ 
form of attractive force which would draw all the 
atoms together and this motion which would keep 
them independent. The existence of an attrac” 
tive force which we here take into account 55 
something very important does not at first seca 
to be reconcilable with the atomic structure We 
have just considered, because in this we suppor” 


that the outer shells of electrons would preven 
ach oth" 
s are 


an 
ome 


certainly correct. It is, no doubt, our PF 
ignorance of the nature of these forces that ИР 
vents us from arriving at a clear understanding 
We have seen how it can happen that when f 
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atoms approach each other at great speeds they 
go through one another, while at moderate speeds 
they bound off each other like two billiard balls. 
We have to go a step further, and see how, at 
very slow speeds of approach, they may actually 
Stick together. We have all seen those swinging 
gates which, when their swing is considerable, go 
to and fro without locking When the swing has 
declined, however, the latch suddenly drops into 
its place, the gate is held and after a short rattle 
the motion is all over. We have to explain an 
effect something like that. When the two atoms 
Meet, the repulsions of their electron shells usually 
cause them to recoil; but if the motion is small 
and the atoms spend a longer time in each other’s 
neighbourhood, there is time for something to 
happen in the internal arrangements of both 
atoms, like the drop of the gate-latch into its 
socket, and the atoms are held. It ай depends on 
some structure of the atom which causes a want of 
Uniformity over its surface, so that there is usually 
а repulsion; but the repulsion will be turned into . 
attraction if the two atoms are allowed time to 
Make the necessary arrangements, OF even if at 
the Outset they are presented to each other 1n 
the right way. We shall see later several very 
Interesting examples of this effect. 
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We are going to consider in this lecture the case 
when the attractive forces between the atoms do 
not act, whether from want of time, or from 
feebleness, or from any other reason. А crowd 
of atoms is, when this is the case, a gas. 

Such cases are very numerous. In particular 
there are certain atoms which furnish notable 
examples ; they are nos. 2, 1o, 18, 36, 54, 86 : that 
is to say, they are those in which the nuclei 
possess positive charges whose magnitudes Are 
represented by one or other of these numbers 
and which normally possess negative electrons ^ 
match. These atoms have only the feeblest desire 
to join up with each other. 'They do not enter 
into combination with atoms of other kinds; 1” 
other words, they do not form chemical СОЛ» 
pounds. We may call them the “ unsociable 
atoms, "They take no obvious part in the doing? 
of the world, and their existence was entirely 
overlooked until a few years ago. It was ony 
when the late Lord Rayleigh was making care 
measurements of the weight of nitrogen obtain", 
from various sources that he noted a small p 
unmistakable discrepancy between the density © 
nitrogen as prepared from the break-up of a kno at 
compound of nitrogen and the density ? | 
was left of air when every other known gas 
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been abstracted from it. According to the view 
held at the time of his experiment, the residue 
Should have been pure nitrogen. As a matter of 
fact, atmospheric air contains a small percentage 
of one of these “ unsociable? atoms or gases; 
it is no. 18, that which has eighteen units of 
Positive electricity in the nucleus. So Rayleigh’s 
very careful measurements led to the discovery of 
the hitherto unknown substance. It was named 
argon, the “ lazy one.” Perhaps the name does 
Not express its chief characteristic ; for the atom 
18 as quick in its movements as any other of its 
own size, The weight of the air in the lecture- 
room of the Royal Institution is about 15 cwt. ; 
it contains about 18 lb. of argon. If the gas 
had had the least tendency to form any chemical 
association, such an amount, though relatively 
small, would have been easily detected by the 
elicate analytical methods of chemistry. А 
Д The atom of helium, the smallest of the series, 
is identical with the atom expelled by radium 
and other radioactive substances in the act of 
disintegration. It has two electrons normally ; 
though as it flies through matter when radium has 
ejected it its complement of electrons is apt to 
be torn away for the time. The positive charge 
on the nucleus is not affected by the flight, so 
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it breaks up, turns into two gases. In some of 
the Wilson pictures (Plate III a, B) of the tracks 
of the helium atoms we may see a track that begins 
in the middle of the chamber: it is due to the 
break-up, irr its turn, of an atom of this heavy gas, 
for it also is radioactive. Та fact, its average 
length of life is only three and a half days. 

We must not suppose that these strange atoms 
cannot be made to associate together under any 


circumstances. It is possible to make them join 
together as a liquid, but only at extremely low 
temperatures. 


At ordinary temperatures they are 
The liquefaction of helium is one of 
the achievements of the laboratory of Kamerlingh 
Onnes at Leiden, where the production of low 


temperatures has been carried to a very great 
State of efficiency, 


There are certain other atoms—hydrogen, 
nitrogen, oxygen and others—which readily form 
into small companies, or molecules, each of which 
is almost as free from any desire to associate itself 
with other molecules of the same kind and, in 
many cases, of other ki 


all gases. 


nds as the atoms of helium 
and argon. Two atoms of hydrogen make a very 
stable and <“ unsociable ” 


Molecule; so do two 
xygen. In these cases, 
bstance are at ordinary 


atoms of nitrogen, ог of o 
the properties of the su 
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temperatures those of a gas. The liquefaction of 
hydrogen was accomplished by Sir James Dewar 
in the laboratories of this Institution; the 
machinery is still here. In the ante-room there 
is a picture which shows Dewar pouring liquid 
hydrogen from one of his vacuum flasks into 
another during the course of a lecture which he 
is giving in this room. The air consists mainly 
of a mixture of oxygen and nitrogen molecules. 
Other well-known molecules which form gases 
under ordinary circumstances are carbon mon- 
oxide (CO), carbon dioxide (CO,), methane (CH4), 
and so on. In all these cases when two of these 
molecules meet one another at speeds which are 
Proper to ordinary temperatures they recoil from 
ius impact, and so maintain an independent 
existence, What we have now to consider are 
the consequences we should expect to follow 
from this condition of independence. DET. 
et us imagine a closed vessel containing à 
number of atoms or molecules moving about 
Within it—containing a gas, a$ We should say. 
ey continually meet one another and the walls 

9f the vessel, and behave as a number of billiard 
alls set in motion on a table would do if their 
Motion were frictionless and therefore perpetual. 
П fact, it is convenient to use a small billiard 
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table as an illustration, and Messrs. Ваау 
and Watts have very kindly given us one 5 di. 
purpose. The balls soon come to pe Tu 
table, because the cushions, as well as pt ч 
are not perfectly elastic; moreover, ER 
losses by friction as the balls run over the окы 
| smooth though it i 

Nevertheless, the mo- 
tion, once started, lasts 
long enough to give 
an idea of what must 


happenif it were main- 
tained indefinitely. š 
-] cusmion It is natural to as 


how the force A 
gravity would Ж 
Fic. 4.—Di f Ш, rii tal + 
billiara fai with balls und loose cushions’ "the movement of t. 
1f the balls 


аге in motion the: drive the 
loose cushion be. 


; sed 
fore them and they loss atoms in our clo 
tome of their energy И, on the other hand, 


1 advanced, the energy vessel, Would it not 
of the motion of the Balls is o the e bring them all to the 
bottom ? Why should the gas fill the upper 
as Well as the lower Parts of the vessel? The 
answer is that gravity Certainly has its effect in 
full, but it is 80 very small as to be unobservable 
i ar case. If we might imagine that 
Were taken from the gas, and HO 
herefore Ceased, and if the attractive 
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forces could be ignored, the atoms would, of 
Course, lie about at rest on the bottom of the 
Vessel. If a very little heat were now given to 


` them, we might imagine them to begin dancing 


up and down, like perfectly elastic balls on a 
Perfectly elastic floor. If the rise were a 
thousandth of a degree Fahrenheit, they would 

Ounce to a height of about seven inches. With 
Enough heat they would begin to hit the top of 
the vesse] as well; we might suppose them to be 
30 few that they did not hit each other very 
Often. But at ordinary temperatures their move- 
Ments would be so rapid—something like 6000 ft. 
а second—that gravity would make little difference 
In their velocity as they ascended and descended, 
and there would be, at any moment, as many 
at the top as at the bottom of the vessel. If 
they were as numerous as the molecules of the 
ar under ordinary conditions, they would hit 
Sach other more often than the walls. In the 
ar, the usual length of path between two suc- 
cessive encounters with other molecules is only 
Rout four-millionths of an inch. Since gravity 

35 no obvious effect, the billiard table is all the 
"ter an illustration; we might find an analogy 
to Bravity by giving it a slight tilt, but 1t would 
[S worth while doing so. 
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If the atoms or molecules of a gas are con- 
tinually hitting the walls, the latter must always 
experience an outward pressure: we speak, in 
fact, of the pressure of a gas upon its envelope. 
The distension of a balloon is due to the bom- 
bardment of the covering by the molecules. If 
we put a loose cushion on our table and make the 
balls roll about, the cushion is driven backwards. 
If there were twice as many balls as there are, 


there would be twice as much pressure. "This is 
the well-known gas law th 
portional to density, 
same. We increase t 


at pressure is pro- 
other things being kept the ; 
he pressure on the cushions 
if we make the balls Move faster; in the same 


Way, the pressure of а gas rises with the tem- 
perature, 


Suppose now that [ suddenly advance this 
loose cushion while 


the balls are moving and 
striking it. It is obvious that the motion of 
the balls js increased. In the same way, if one 
of the walls of the gas vessel is pushed in, as 


when a piston is forced deeper into a cylinder, 
the motion of the ato 


ms is increased. In other 
Words, the temperature is raised. We all, know 
how hot a bicycle Pump becomes when we use 
it to force air into a tyre. The converse is 
equally true. If the cushion on our table is 
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withdrawn as the balls strike it, their motion is 
diminished. If we have played cricket, we know 
that when we want to catch a ball we must draw 
our hands back as the ball begins to touch them : 
the retreating hands destroy the motion of the 
ball gradually. If we hold them in a fixed 
position, the ball is sure to jump out again. So 
also when a lacrosse player catches a ball, he draws 
his crosse downwards when the ball first enters 
it, and makes the stopping of the ball an operation 
lasting over two or three feet of its path. A 
tennis racquet can be used to catch a tennis ball 
un the same way, but the action must be well 
timed, because the racquet face is so stiff. In 
the case of the gas, the corresponding effect is its 
chilling by expansion. We had an example in 
the use of Mr. Wilson's apparatus, where the 
Sudden enlargement of a space full of moist air 
Caused such a chill that the moisture settled as a 
fog on the tracks of the helium atoms. The 
€xpansion had to be ‘fairly sudden, because if it 
had been otherwise there would have been time 
for heat to flow in from outside during the 
action, and the desired low temperature would 
Not have been reached. 
The expansion of grea 
atmosphere is a frequent source © 


t masses of air in the 
f rain and snow. 
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In the constant movement of the winds it may 
happen that some huge volume of damp air ex- 
|pands into a space where the pressure has been 
lowered and becomes so cold that the water 
vapour begins to condense. It is easy to repeat 
the experiment on a small scale. The glass tube 
Which we see on the table (Plate VI в) contains 
air which has become charged with moisture while 
it bubbled through water on its way to fill the 
tube. The road by which it came is now closed 
by a tap. At the other end of the tube is a 
second tap, which at the moment is closed and 


cuts off the tube from a connection with a 


Vacuum pump. Tf this second tap is opened, the 
air in the tube ex 


Pands, and at once a white 
mist fills the tube, A beam from the lantern 
Passes down the tube and lights up the mist. 
We may allow the air to be drawn off by the 
vacuum pump: and we can repeat the experi- 
ment as often as we like. Every time that we 
fill the tube with damp air from which all 
Suspended particles of dirt and smoke have been 
filtered, we get the same sort of white mist that 
We see sometimes in the clean country. But if 
we allow the air from the room to flow directly 
Into the tube without being filtered; the expansion 
Produces а dense fog, such as London air is 
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ready to produce at any time, as we know only 
too well. 

There are other properties of a gas which the 
billiard table will help us to understand. Let 
us mix with the ordinary billiard balls a number 
of light ping-pong balls, and set the whole lot 
in motion. We see at once that in the general 
movement the ping-pong balls acquire greater 
velocities than the others. Just so if a gas 
contains two kinds of atom, one heavy and one 
light, the latter, in the constant interchange of 
motions, acquires a higher average speed than 
the former. When hydrogen is mixed with 
oxygen, the hydrogen molecules actually move 
four times as fast as the oxygen molecules on the 
average. А calculation, into which we do not 
enter, tells us that atoms which mix with one 
another all possess the same average energy, the 
lighter making up for their deficiency in weight 
by an excess of velocity. Even if the gases are 
not mixed, but are contained in separate vessels, 
the same rule holds, provided that the gases are 
Although the atoms 
change and balance 
do so in effect by 
atter which reach 
of the vessels, 


at the same temperature. 
of the two gases cannot inter 
their energies directly, they 
Way of the various kinds of m 
from one to the other, by the walls 
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by the table on which perhaps they both stand, 
and by the atmosphere. In fact, the average 
motion of the atom is fixed by the temperature. 
We can easily find an illustration of this effect. 
Sound is a movement which is handed on from 
atom to atom in a gas through which the sound 
is passing, just as a chain of workers pass buckets 
Of water to a fire. 'The quicker the workers 
move their hands and arms, the quicker the 
Water moves. Just so sound travels faster the 
greater the velocities of the atoms; or, what 
‚ comes to the same thing, the lighter the atoms. 
Ап organ pipe blown with coal gas gives a higher 
note than when it is blown with air, because 
the molecules of the lighter gas move more quickly 
and the vibrations of the pipe are more frequent 


A simple experiment will help to make this clear- 
On the table is a g 


lass jar, into which water has 
been poured until the air column which is left 
responds loudly to the motion of a tuning-fork 
held over it (Plate VI ТТ AES pass up 
and down the jar in exact time with the oscilla- 
tions of the fork; the natural period of the jar 
Ms Same as the note of the fork, as I can tel 
by blowing Bently across the top of the jar and 
TD ELA Whispering note from it, I now 
introduce gas into the jar through an india-rubber 
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tube, and the response fades away. Movements 
now pass up and down the jar more quickly, and 
the natural period of the jar is no longer that of 
the fork. If I now pour out some of the water 
in the jar and begin again with a filling of air, 
there is no response to the fork until I put in a 
certain amount of gas. Then the note swells 
out as soon as the mixture is such that the timing 
of the gas movement in the jar agrees with the 
Periodicity of the tuning-fork. 

Let us imagine, again, that a very small hole is 
made in the walls of a vessel which contains 4 
gas. Every time that an atom, OF molecule, as 
the case may be, strikes the hole it passes out and 
never comes back. It is clear that a light gas will 
leak away more quickly than a heavy gas, because 
its atoms are moving about in the vessel at a greater 
Tate, and a larger number will strike the hole 
every second.’ This effect is frequently employed 
to separate two gases, when other means are 
ineffective. For example, Rayleigh and Ramsay 
used it to separate argon from nitrogen, the 
mixture of the two being the residue of the 
atmospheric air when all other gases had been 
removed. The mixture was made to flow along 
а series of clay tobacco-pipe stems, and the 
nitrogen leaked out through the pores of the ` 
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Pipes more quickly than the argon. The Mc 
atom is forty times as heavy as the RAS 
atom, and the nitrogen molecule twenty-eight 
times; the nitrogen therefore leaks away more 
quickly through the porous clay walls of the P 
stem, and the gas that issues from the other en 

of the Pipe system is тїсһег in argon than the 
mixture which entered it. The process of diffu- 
sion of one gas into another 
character, because the gaps Ь 
molecules of one Bas are t 
the pores in the Clay pipe. 
slow action, in Spite of the 
are moving so quickly, the 
encounters are so numerous, 

that one 833 diffuses into an 
such evidence as that, 
the smell of the gas is 
the room. This dispersi 
Vection currents rather 


is really the same in 
etween the atoms or 
© be compared with 
Diffusion is a very 
fact that the atoms 
reason being that 
One is apt to think 
other quickly: on 
if а gas tap is left open, 
quickly perceived all over 
on is, however, due to con- 

than to diffusion, streams 
ОЁ the house 848 running in concentrated form 
through the air, The effect is beautifully seen in 
the mounting of smoke from a cigarette (Plate 
VII). If the cigarette is laid down on the ash-tray 
a fine stream of blue smoke rises in a waving pencil, 
which becomes spread and bent and twisted into 
delicate spirals and curved surfaces, As the 
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stream mingles finally with the air, it gives an 
example of convection. Diffusion between the 
smoke-laden air stream and the pure air is taking 
place also all the time; but the process is so 
slow that the edges of the clouds remain sharply 
defined for a long time. So also when a room 
is warmed by hot air, the distribution of the heat 
is due to convection currents, streams of hot air 
percolating through the cold. It is not due to 
the molecules of the hot air making their way 
individually through the molecules of the cold; 
that goes on, but its progress is slow. Convection 
18 more effective than conduction. 

Movements of bodies of hot gas in a cold are, 
of course, governed by the laws of gravity: the 
lighter body, if it keeps together, tends to rise 
in the heavier. The smoke of the cigarette rises 
because the air over the glowing end is warmed 
and made light; colder ‘currents run in from all 
Tound and, meeting each other, rise together 
round the thin sheet of smoke. The thin sheet 
18 their joint boundary; if the air is still and 
the currents are steady the upright column grows 
long; but a slight movement of the cigarette 
Upsets the even flow, and the column breaks into 

eautiful curves. The action of a chimney !n 
the formation of a draught is, no doubt, known 
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to every one; but it may be interesting to look 
again at an old experiment of Faraday's. A little 
Spirit on some tow is lighted and held over the 
mouth of the shorter limb of the bent tube in 
the figure. Ву blowing for a moment the flame , 
is made to 80 down the short limb and up the 
long one ; once started on the 
downward direction it does 


\ not change when the blowing 
" Stops. The flues of grates in 
* hospital wards are often built 


i on this plan, the draught going 
under the floor, The FR 

i due to the 

pror spa qr ж OR pi air in the 
long limb is lighter than а 
me of the air outside. The 


reverse happens sometimes in the house when 
the chimney is colder’ than the air outside, 
and a down draugh: 


t brings a sooty smell into 
the room, 

Something Nearer to a conduction process takes 
Place when the Ваз іп a vessel is heated through 
the walls. The molecules when they come tO , 
the wall in the course of their movement receive 
impulses from the vibrations of the solid material, 
somewhat in the Same way as the ball in the 
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figure receives a violent knock from the vibrating 
prong of the tuning fork. 
When Sir James Dewar designed the “ vacuum 


Fic. 6.—Tuning fork and pith ball. 


‘The pith ball is hurled violently from the vibrating fork. 
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flask” to hold his liquid air, „he made a double- 
walled glass vessel and extracted the air pe 
between the walls. He left no molecules to pic 
uP energy from the outer wall and carry it 2s 
the inner. No heat could be conveyed to the 
liquid air by conduction or by convection. E 
can also travel by radiation through the ether ; 


Fic. 7.—Vacuum flask, 
Observe the tube at the bottom (now sealed o; 
drawn from between the inner 


fi) through which the air has been ‘ 
and outer glass ој ask. 


f each û 


€ double walls. When this is 
of the air is almost perfect. 
independence of the atoms or mole- 
cules of a Bas gives i 


exert a force to tear the molecules from one 
another; but suc 


h Binding forces in a gas are 
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negligible. If anything is moving through the 
'air it experiences a resistance only because it is 
necessary to set some of the air in motion, and 
this requires the expenditure of energy. Gases 
are light, of course, and the energy required to 
move them is correspondingly small. The light- 
ness of the air and the ease with which we pass 
through it make it easy to forget both how great 
is the pressure of the air at the surface of the 
earth and how weighty is the air in any large 
space such as this room. The air exerts a pressure 
of about a ton on every square foot of our bodies ; 
that we do not collapse under it is due to the 
fact that any air within our bodies is at practically 
the same pressure as the air outside. The little 
rubber figure in the illustration (Plate VIII A) 
collapses utterly if its air content is withdrawn. 
The thin tin vessel shown in Plate VIII B has at 
first contained some water which has been raised 
to the boil so that the steam has driven out all the 
air. The opening by which the steam is issuing 
is closed, and some cold water is then poured over 
the vessel. The steam within condenses, and 
the pressure falls to almost nothing. The tin 
vessel then crumples up under the pressure from 
Outside. Perhaps the magnitude of air pressure 
15 brought home to us in an even more striking 
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way when we consider that an iron bar, one 
square inch in section and nearly five feet long, 
when resting erect on the table, exerts of its own 
weight no more pressure on the square inch of 
the table with which it is in contact than the 
air does. 

If we take into sufficient account, therefore, 
the weight of the air, it is not surprising that 1t 
takes a great force to set it in swift motion, or 


that, when moving rapidly, it can exert great 
pressure on any 


body which stands in its road. 
We all are familiar with the pressure of the wind, 
and know what hayoc а gale may cause. So also 
the revolving aeroplane screw drives back a mass 
of air at a high Speed, and the large force of 
reaction gives the necessary speed to the plane. 
Again, when it is on the wing, the plane, like a 
bird, is continually tending to fall and to carry 
with it masses of air beneath and around it. But 
It takes force to set such air masses in motion, 
and the reaction gives the uplift to the plane. 
If the plane had no forward motion it would 
quickly create a downward movement in the air 
below it, and fall with it; but it š always riding 
on to new masses of air which have not begun to 
fall. А simple little experiment illustrates the 


point. A piece of Paper of any convenient size 
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say three inches by one, is launched as the figure 
shows; it turns over and over and reaches the 
ground along a sloping path. The direction of 
the turning is related to that of the sliding, in 
the same way as that of a ball running down the 
under side of an inclined plane. The explanation 
is that the leading edge of the paper runs on to 
new air which has not begun to fall, whereas the 
following half of the paper is on air which has 


ex 
Successive posil 
fap positions * Piece of Paper, 
CA ун 
© x аў siraighh, 
/ 1 
< ' © 
4 ; 
_ ' 
^ 7 


Fic. 8.— Pieces of paper of various forms fluttering to the ground. 


started to move downwards because the leading 
edge was lately resting on it. So the following 
half falls and the leading half does not, which 
makes the paper turn, as the illustration shows, 
until the paper begins to move forward again. 
But now the edge which was following becomes 
the leading edge, and vice versa. 

The paper turns over and over, 
shape being the cause of the motion. Now, 
bird or an aeroplane when gliding moves in a 


its very simple 
a 
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i f the 
steady, Stately fashion, and the rid ai " 
wing is in reality anything but simple, a 
of 


he 
aeroplanes have found. The exact d M 
Plane—it is not indeed a plane i aE, 
especially of the leading edge, is pi ы a 
importance, A bird’s wings are i cae i 
for gliding, but also for flapping, an 


h 
ings, ir throug 
i ing to let the air throug 
Fie. 9.—Drawings, after Lilienthal, showing feathers opening npa 

on ieee © (upper drawing), and closed to hold the air on th 

(lower drawing), 


beautiful mechani 


ir 
sm which adapts them for thei 
Special purpose, 


of 
The wing is, in fact, E 
valves, which Open when the wing rises an uU 
When it descends 5 SO that there is less eun 
9n the Wing in the Up-stroke than in the bed 

€ action js Something like that of the ye ۴ 
^ Which opens out and exe c 
the water as the оова 
n it is being drawn forw The 
ion is quite different. 


kicked back than whe: 
but the mode of act 
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rib of the feather does not always lie in the 
centre, but is often well to one side, and a row 
of feathers is so arranged that they overlap and 
turn somewhat on their ribs. When the wing is 
lifted they open like a louvred window and the 
air passes through; when the wing is forced 
down they close, pressing tight against each other. 
The two drawings of Fig. 9 A are adapted from 


gull's wing has turned over 
he under side, thus giving a shove forward. 


Fic. ys.—Gull in flight. On the down-stroke the 
showing t 


Otto Lilienthal’s * Birdflight,” p.101. They are 
sections of the condor’s wing. As Lilienthal says, 
* Every observer of the flight of storks knows 
that one is able to periodically see through the 
wings." Even the countless parts of each feather 
partake in this valve action. It is clear that with 
such a mechanism the mere flapping of the wings 
must give an uplift apart from all other character- , 
istics of the motion. The forward thrust is due 
to the bending of the wing about its stiff leading 
edge, as may be seen from the two drawings of 
F 1 
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the wings of a gull in flight (“ Birdflight,” p. 96). 
They were made in the sunshine: as the wing 
rises, the hinder parts are turned down and show 
the bright upper surface; as the wing descends, 
it twists so as to show the darker under surface. 
It must also be true that even if the wings are 
held outstretched without motion there will be 
an uplift if the air is full of little motions, swirls 
and quiverings. The wonderful gliding of birds 
that travel for miles without a movement of the 
wings Ог any apparent effort may conceivably be 
connected with this effect; it is said that it 
n Not take place when the air is perfectly 
still. 

А Very pretty example of the laws of the 
dynamics of the air is to be found in the swerve 
of a spinning ball; it is likely to interest most of 
those here, € see it and make use of it in 
nearly every game, though perhaps the golf ball 
Shows it Most, because its speed is greatest. 
Suppose that the golfer * slices ? his ball: instea 
of pursuing a straight course in the direction in 
t appeared to be struck, it curls away t? 
z € right. 'The ball is then spinning ; the 
Tont of the ball is going from left to right of 
the golfer as he gazes after it, the back of the 

55 going the other way. It is clear that he 
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has not hit the ball truly, but has drawn the 
head of the club across the ball; perhaps he 
pulled in his arms at the moment of striking and 
did not follow through pro- 
perly. As the ball moves for- 
p there is a dense cushion 
eA, in front of it which has 
the we to get away. If 
SR ice is spinning as supposed, 
a е Ms side (the golfer 
me à e observer) is spinning 
fight, s in the direction of 
E d the right-hand side is 
SUN E the opposite way, so 
M nce iw 'The conse- 

at through friction ро, 10,—Flignt of golt 


ball with “' slice. 


the а; 
alr о T e 
n the left-hand side 18 Tye shading shows 
where air is piled up by 


Carried f 
о 
rward more than On е ball as it sping chis 
moves forward, and this 
makes the 


the ri 

in Tu and the cushion of air accumulato uan 
on M of the ball is denser han. М 
all ES than on the right. Consequently the 
h rves to the right. і 
Spin э g carry of a golf ball is always due to 
made Ti e proper kind: the stroke must be so 
axis, qM the ball is turning about 4 horizontal 
owest part of the ball moving, so far 


as it; 
Is . .` n " 
due to the spin, in the forward direction. 


=> 


Su. 
BSS 
X ey 
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This makes the ball tend to rise as it flies. WEE 
times we see it actually take a curved path w d 
is convex to the ground. If it were not for A 
action the ball would not go half the distan 
that it does. If there were no air at all, we EY 
observe, in addition, the carry of the ball E 
€ two or three times Breater than the norm У 
¿cause its resistance to a high-speed ball is if 
great. We should drive a ball much further 


Fio, Tr.—Regular flight of golf ball 
adin; 


the 
: „А Pocket of condensed air, shown by 
shading in the drawing, keeps the ball up, 


we could avoid the resistance from the air; va 
as we cannot do that, we take advantage of wha 
may be done by giving the ball a spin. the 
The flight of a Rugby football, like that of ү: 
golf ball, is often curved MM iL 
k has gone rather under the Wc 
Of course, it is most obvious IN be 
18 against the wind, yet I think it с a 
Seen in still air, In tennis the player often Ep 
is racquet Over the top of the ball, giving 1t rds 
Opposite kind of spin, the top moving RT 
faster than the bottom, This makes the 


when the kic 
and though, 


the kick 
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duck, so that, though hit very hard, it keeps in 
the court after passing the net. Heavy balls 
swerve less than light balls going at the same 
speed ; yet we all know the swerve that can be 
given to a cricket ball, and the swerve that the 
pitcher can give in baseball is a marvellous 
Spectacle. Of 
al ways of 
studying the 
effect, the sim- 
plest, perhaps, 
is by the use 
of toy balloons 
which nowa- 


da 
ва 
t y ге y LINE OF NET 
oughly made |, 
and will stand 
Fic. 12.—Action of stroke of tennis гас uet, giving 
it drop quickly over the 


much knock. зріз to the ball and making 
E net (exaggerated). 
ing about. It Oa the right, section of racquet and ball before the 
H stroke: arrow showing direction of motion of racquet. 
18 eas у, b y 
striking with the 
to give any sort of spin 
observe all sorts of sw 
€ 
© dooks.” 

The various examples 
gases which we have been 
be explained, as we have seen, 


hand, or a racquet if preferred, 
that is desired and to 


erves and soarings and 


of the properties of 
considering are all to 
on the hypothesis 
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that atoms of some kinds have very little tendency 
to associate with other atoms, whether of the 
same or of other kinds: I have spoken of them 
as the “ unsociable atoms.” Other atoms, again, 
such as hydrogen or oxygen, though very sociable 
individually, tend to form more or less unsociable 
molecules, Thus the air consists of a mixture of 
. Unsociable atoms and molecules: there are mole- 
cules of Oxygen each consisting of two atóms, 
and molecules of nitrogen analogously constituted, 
а few molecules of carbon dioxide, each consisting 
of Опе atom of carbon and two of oxygen, 4 
“certain number of single atoms of argon, and 
probably small Percentages of other gases. All 
of them form Bases because of the lack of tendency 
to associate; the independence which they 
Possess in consequence, topéther with their 


motion, furnish a ready understanding of their 
behaviour, 


€a of atomic structure which was 
n the last lecture, How is the sun 


ecules having similar 
To answer these ques- 
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tions fully would be to give an account of 
chemistry so far as is known, and that is clearly 
beyond our intentions. But there are certain 
simple rules which, though they cannot be 
d though they are often broken in 
ost useful thread on 
Let us go back to our 


18, 36, 54, 86. 


re 


explained, an 
appearance, provide a m 
which to string our facts. 

unsociable atoms, numbers 2, 10, 
The first thing that strikes us is that there a 
curious connections between these numbers. If 
we write down the successive differences we have 
2, 8, 8, 18, 18, 322. The numbers 2, 8, 18, 32 
2,3 and 4. We have 


are twice the squares of 1, 
fference between the 


already seen that the di 
various kinds of atoms is simply one of number. 
I have not attempted to explain the experimental 
and theoretical proofs of the numbers of electrons 
on the various atoms: they are complicated, 
while the result is simple and sufficient for our 
purpose. Since the number of the electrons on 
the atom, or rather the number which expresses ` 
the positive charge оп its nucleus, is in itself of 
we cannot but think 


such unique importance, 
that there must be something underlying the 
al differences we have just observed. 


ly increased when we 
another point of view. 


curious numeric 
The probability is great 
consider the question from 
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Chemists have long discovered and pointed out 
that remarkable analogies exist between the 
properties of different kinds of atoms. For our 
Purpose it will be convenient to express their 
discoveries in terms of the numerical relations. 
We write down some of them in the following 
Way. We take first the eight atoms, in order 
of number, which begin with helium; and put 
under them the next eight beginning with neon. 
We thus have, continuing the arrangement up 


to No. 20 (see Plate IV B for rough models) :— 


Helium. Lithium, Beryllium, Boron, Carbon, Nitro, 
a 3 4 7 
Alu- 
Neon, Sodium. Magnesium, minium, Silicon, Phosphorus, Sulphur. Chlorine. 
10 II 1 14 15 16 17 
and so on, 


Oxygen. Fluorine 
gen. XE 9 
12 
Argon. Potassium, Calcium, 
18 19 20 


We have, in fact, written 
the * periodic table.» 
atoms helium, neon an 


down a portion of 
It is so set out that the 
d argon, which so closely 
resemble each other in their main property of 
unsociability, are in the same column. It then 
` appears that lithium, sodium and potassium, 
which also closely resemble each other in their 
Properties, are in the next column, and that the 
Same remarkable classification runs across the 
Page. The mutual resemblances of the sub- 
stances in the same column are manifested in 
innumerable Ways: they form one of the great 
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features of chemistry. ° The very name “ periodic 
table ” was adopted as a description of the fact. 

Now it is reasonable to suppose that the 
properties of an atom as manifested by its rela- 
tion to any other may well be determined by some 
arrangement of its electrons, and especially of 
those which are most on the surface and are 
first presented to the other atom. Thus lithium, 
sodium and potassium probably behave alike, 
because they have all the same external present- 
ment of electrons; so with carbon and silicon, 
with fluorine and chlorine, and so on. 

Such considerations have led to the following 
hypothesis. Let the two electrons of helium be 
arranged as a pair symmetrically placed on either 
side of the helium nucleus. Let every succeed- 
ing atom have the same arrangement, and, in 
addition, a further arrangement of electrons on 
an outer shell. Thus lithium has two, like 
helium, and one as 4 contribution to a new 
outside grouping. Beryllium has two In the 


outside group, boron three, carbon four, nitrogen 


five, oxygen six and fluorine seven. We will 
suppose that the list of additions to this list 


closes with neon, and that in all atoms of higher 
number the inside group of two and the just 
completed group of eight are retained, the extra 
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electrons taking their place in DCWOBBIOUpS: 
Thus, sodium, like lithium, has one in its ошса 
Most group, magnesium has two, like beryllium, 
and so on. Chlorine, like fluorine, has all but 
completed an outer shell of eight; while argon, 
like neon, has completed it. With potassium 
still another Broup begins; calcium has two He 
this newest group, and so оп. The last group - 
not complete until it contains eighteen electrons ; 
$0 chemical evidence tells пз. But we need not 
Pursue this question further, especially as it 
becomes more complicated, 

Arguing in this way, 
members of the same со 
their properties, 
properties of an 


we understand why the 
lumns should be alike in 
We then ask what the particular 


atom have to do with the Pt 
‘ticular number of electrons there are in its oute 


shell, this number being the same in all members 
of the same column. To this question also we 
can find some sort of answer which we can Pea 
B way. From а Е 
$t accumulation of chemica 
form combinations, and under proper ау 
Stances то dissolve existing combinations an 
form new Ones, certain rules appear which are 
directly connected with the numbers of the 


| 


Possesses o 
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electrons in the outermost groups. In the 
first place, there is always a tendency to fill up 
the vacant places of an uncompleted group. 
Thus if chlorine had one more electron in its 
external group, that group would be completed 
in the sense that no more additions are made to 
it as we pass from atom to atom in the succeeding 
portions of the table. Consequently chlorine 18 
on the search, so to speak, for the electron which 
It lacks, and may exert great powers in dragging 
lt away from other atoms which are not holding 
Hs to it with sufficient energy. It is true that 
ү? atom's electricities thus become unevenly 

Need: the extra electron gives it à negative 


Char ° ! 
We ra But in spite of that there is some force, 
for the not understand its origin, which works 


electrons ompletion of the external shell of eight 

` Tr is, in fact, this power that chlorine 
er at f dragging to itself an electron from 
Order m s and upsetting their combination 1n 
active] Bet it, which makes the substance so 
ha, .7 Poisonous. In the same way, sulphur 
largely + Барз to fill up, and its behaviour is 
Os que verned by thet fact ааа 
have the other hand, lithium, sadne кр 

in each case a group just 7^ P š 


е electron AR 


for $ 
mation ; there is so far only on 
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i and 
it. The hold upon this electron is к 738 
when a chlorine atom demands it, E Nr. 
changes hands at once. The result o md 
is that the external group of each PS 5. 
completed Broup: the chlorine 2 бе. 
externally, and, if sodium Ье the ot NAA 
is now like neon. Both the atoms. WI 
Charged with electricity :' the Ae BEL 
because it has one electron in excess of 1 2 
number, while the Sodium atom is P HM 
it has one too few to make the balance b. 
the positive Charge on the arcem Dan. 
negative charges of the electrons Ч а Pr. 
In Consequence, there js an electric E. 
between the two atoms; they have now n 
a molecule of Ordinary salt. Sodium М d 
White metal. As we shall see. later, ун helt 
tinguishing characteristic of the metals i 


Must be quit 
either of the 
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and that the character of the atom or the molecule 
depends on this arrangement. 

There are innumerable examples of this kind 
of combination. As one involving rather more 
complication we may take calcium fluoride, which 
as a crystal goes under the name of fluorspar. 
Here two atoms of fluorine, each lacking one 
electron (see the table above), join in an attack 
upon calcium, which has two electrons in its 
external group, and each of them takes one electron 
into its own system. The molecule therefore 
contains three atoms. Or, again, in alumina, 
which in crystalline form makes ruby or 
sapphire, we have two atoms of aluminium, 
each forced to give up the three electrons in its 
external group for the benefit of three oxygen 
atoms, each of which takes two. 

Besides this give-and-take arrangement there 
is another method by which atoms seek to com- 
plete their external groups: they may share 
electrons with one another, each being capable, 
apparently, of counting them in its own structure, 
just as two houses may have the same party-wall. . 
'Thus two hydrogen, atoms, each contributing one 
electron, combine so as to possess a group of two, 
as helium does, and thus the hydrogen molecule 
is formed. Two atoms of oxygen enter into 
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combination, and form the oxygen molecule in 


Which each oxygen atom is surrounded by eight 
electrons, of which four are held in common by 
both atoms. In the diamond, as we shall see, each 
carbon atom is surrounded by four other carbon 
atoms, with each of which it shares two electrons. 
So each atom is provided with an external shell 
of eight electrons, none of which it has entirely 
to itself. This kind of combination is generally 
very strong, and molecules so formed hold 
together well. Moreover, many molecules formed 
in this way are, so to speak, satisfied with their 
Own company : there is little tendency to associate 
with other molecules, They tend to form gases- 
But on the whole the most permanent gases are 
those which have naturally the completed external 
shell—helium, Neon, argon and the rest. They 
show, most fully developed, the gaseous рго" 
Perties which we have been considering as the 
Tesult of the weakness of tendencies to associate 
and the undisputed Sway of movement. 


LECTURE III 
THE NATURE OF LIQUIDS 


Tue difference between a gas and a liquid is 
that in the former the atoms and molecules 
move to and fro in an independent existence, 
whereas in the latter they are always in touch 
with one another though they are changing 
partners continualy. In the rivalry between 
motion and attractive forces the motion is no 


longer in complete control: the attractive forces 


have now sufficient power to keep the general 
body of molecules in touch with each other, or 
at least so many of them that they form a 
definite volume of liquid, having a surface that 
Yet the control of the attractive 


we can see. 
there is a continual 


forces is not absolute: 
process which we call evaporation. Suppose a 
bowl of water to be placed in an empty room. 
The molecules of the water are all in movement— 
vibrating, turning, shifting and changing partners 
all the time. But their motion is not enough to 


make them break away from one another, except 
83 
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at the surface, where the conditions are of a 
special nature. In consequence the molecules 
hold together as a body having a definite volume, 
and there are boundaries to that volume. Only 
at the surface there are breakaways: in the 
constant interchange of motion it will happen 
that some of the outlying molecules have impulses 
given to them which are big enough to break 
their connection with the molecules below, and 
they leave the surface for good. If this had 
happened to molecules within the liquid, they 
would have been recaptured. Thus the room in 
which the bowl of water has been placed will 
contain a gradually increasing number of water 
molecules flying about independently as а gas- 
If the room is closed, the incréase will not go on 
for ever, because there will come a time when 
the number of free water molecules in the room 
15 80 great that molecules strike the surface of the 
water and re-enter it as fast as others leave 1t- 
The room has become saturated with water 
vapour. That may happen before the bowl P 
empty; but if the air in the room is continuously 
removed, carrying the water vapour with it, the 
атр ioni will all evaporate in time. will 
aa es that leave the surface 
ose that possess more than 
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average amount of energy, part of which they 
spend in tearing themselves away from their 
fellows; the average energy of the main body 
will fall steadily as evaporation proceeds. In 
other words, the water becomes colder and 
colder. We all know this effect well. If we 
wave our hands when they are wet we feel the 
chill: we are, in fact, using somewhat excessively 
a process which Nature employs to cool our bodies 
to the proper temperature. Our bodies are 
called on to make good the excess of energy which 
the evaporating molecules have carried away with 
them. The rate of chilling may be increased by 
the use of a liquid which evaporates more rapidly 
than water; so, for example, the surgeon at one 
time used an ether spray to cause local freezing. 
In hot, dry countries drinking water is cooled by 
putting it into а bag made of porous canvas, 
which is hung so as to be shaded from the sun 
but exposed to the wind, and the hotter and 
drier the wind the better. In the hot Australian 
summer it is usual to see the bag hanging under the 
verandah of the house or the roof of the railway 
station of a country township. The water leaks 
through the canvas and is quickly evaporated by 
the passing air, so that the water which is left 


grows cool. 
G 
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We can carry out the experiment in a T 
striking manner on the lecture-room table. 


3. ~The cryophorus, 
» Which is empty, is im- 
mersed in liquid Th 


air. е upper bulb 
ch quickly freezes, 


whether ог no there were 
the ‘lower vessel ; 
back again, 


two bulbs shown m 
the figure contain 
water only, no air. 
The water is first 
brought to the upper 
bulb, and the lower 
is then immersed in 
liquid air; in two ot 
three minutes the 
water is frozen, al- 
though the upper 
bulb has been no- 
where near the liquid 
air. The explanation 
is that the water 
molecules which fling 
themselves from the 
surface of the water 
make their way doa 
the tube and E 
to the lower bulb. 
This would happen 
any liquid air rou? 


come 
but then they would есип 
Most of them at least, and г 
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to the water carrying their superabundant 
energy with them. Thus the water would be 
very little cooled. If, however, the lower bulb 
is reduced in temperature by the liquid air, the 
molecules do not return. Their motion is taken 
away from them and they collect first as water 
and then as ice in the lower bulb. The water in 
the upper bulb is rapidly cooled, and soon frozen. 
'The reason for removing the air from the bulbs 
is that it is necessary to give the water molecules 
a clear road, so that the evaporation may take 
place quickly. If the operation were too slow, 
heat would leak in from the outside air at such a 
rate that the freezing would not take place. The 
presence of the air does not stop the energetic 
molecules from leaving the surface, but it hampers 
their subsequent movements, reducing the action 
to the process of diffusion which we have already 
considered. 

When a liquid boils, the temperature has been 
raised to such a pitch that the evaporating 
molecules are sufficient in number and speed to 
lift off the air from the surface of the liquid and 
push it back em masse. It is no longer the case 
that the individual molecules have to thread their 
way through a crowd. The whole process is so 
strikingly different in appearance from that of 
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evaporation that the essential similarity ا‎ s 
be overlooked. The temperature at n di 
liquid boils depends on the pressure whi dis 
evaporating molecules have to overcome : at Um 
top of Mont Blanc boiling water is 27 F. cooler 
than it is at the base. 

The heat that is wanted if a liquid is to be 
evaporated is a measure of the energy required 
to tear the molecules away from one another. 
Perhaps that does not impress the mind with a 
sense of the importance of these forces, which, 
though individually minute, are so powerful in 
the gros. We may, however, remind ourselves 
of the heat required to convert water into steam 
and of the amount of work that the steam can do. 
The forces are manifested to us more directly in 
every hanging drop of water or other liquid. The 
molecules are clinging to one another like bees in 
а Swarm. "The links with which the molecules of 
А аге нарта to the surface from 
vidis dc ge nh cng he na 

ор. Again the impression of the 

d importance of the forces is not 

; simple effect; but the 
experiment can be developed ШО a morc 


ess ere is a bent gl b 
n i glass tube con- 
ming water and no air. The water is made to 
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fill one limb entirely; if a little bubble of air is 
to be found in it, it must be made to pass over 
into the other by holding the tube in a suitable 
position and gently tapping it on the table. 
When this has been done, the tube can be held 
so that the level of the free end of the water 
column is far below the level of the other, where 
it is clinging to the end of the glass tube. The 
weight of the 
excess column 
on one side is 
all borne by 
the attach- yare 
ment of the 

water mole- 

cules to the mi 


glass tube at 
the other side, and of other water molecules to 


In fact, we have a drop of water about a 
foot long. We cannot make a drop of this length 
hang from a finger ; for the reason that the water 
can break away by changing its shape. If that is 
prevented, as it is in the glass tube, the magnitude 
of these molecular forces is more obvious. When 
we try to stretch a bar of iron, the great difficulty 
makes us realise the magnitude of the forces that 
keep the molecules ‘of solid iron together; we are 


--› 
WATER VAPOUR 
ONLY ; NO AIR 


them. 
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apt to think that it is easy to stretch a mass of water, 
but it is not so. It is easy to make the water 
change its shape, but not to pull a layer of mole- 
cules directly away from another with which it is 


in contact, Water is, in reality, just as hard to 
stretch as to compress, 


We May here ma 
Main line of argum 
Curious eff, 


ke a little digression from our 


ent, because we come across a 


ect while we handle this bent tube. 
€ is tilted so t 


` А very curious, and 
> example of this effect 
Itself of recent years in the wear- 
b 4 ‚ Propellers of ships that are driven 

Y rapidly turning screws The illustration shows 
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the erosion in a propeller blade of the Mauretania 
(Plate IX А). The effect first appeared when the 
adoption of the Parsons steam turbine increased 
the rate of revolution of the screw and boats began 
to move faster, and it was at first the cause of 
great loss, financial and otherwise. The explana- 
tion was found in the fact that the steamship was 
advancing so fast and the screws were revolving so 
rapidly that the water could not fill up entirely 
the holes that the blades left behind them. The 
illustration shows the cavities as they are formed 
in a model tank in the Turbinia Works at New- 
castle (Plate IX B). They are arranged in spirals ; 
we can trace in the figure the spiral belonging to 
each of the propeller blades. " 

Now these cavities close up under the pressure 
of the surrounding water, and since there is no 
air in them, the sides of the cavity strike one 
another as hard and smartly, when they come 
together, as the water in our tube could be made 
to strike the glass. If part of the propeller blade 
forms part of a cavity wall, the blow may be so 
great as to tear away pieces of the metal It has 
cost much labour to arrive at the full explanation 
and to provide a cure : propeller blades are now 
made of an alloy specially designed to withstand 
erosion, and at the same time the design of the 
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blade has been improved. А very striking experi- 
ment made in the course of these researches is 
ilustrated in Fig. 15. The strong metal vessel 
shown in the centre of the figure 
is filled with water and allowed 
to fall to the bottom of a tank, 
also full of water, where its motion 
is suddenly Stopped. "The mo- 
mentum of the water in the cone 
aided by that of the heavy weight 
W is sufficient to make the water 
Carry on its motion and leave a 
Cavity at the top of the cone at 
V. This fills Up again immediately 
afterwards, on account of the pres- 
sure of the surrounding water, and 
as it does so the water in the cone, 
increasing its velocity as it rushes 
up into the narrowing space, strikes 
Fy Rar the top of the cavity so hard that 
“9 ааш. It Punches a hole in the brass 
Plate inserted аыр, 

18 of the cavities formed by the 
€ water, so that a 


FEUL "ио т z jË 
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less serious example of the blow that a mass of 
water сап give because of its inelasticity : it 
hurts considerably if one dives from any height 
and does not make a proper entry into the water ! 

Since the molecules of a liquid all try to draw 
together under their united attractions, they will 
bunch themselves together into a sphere if they 
are allowed to do so, and this happens obviously 
when mercury is dropped upon the table and 


CUO GY th SEPSIS ASI AO 
РРО А 
DROPS OF MERCURY ОМА TABLE 


Fio. 16. 


The small drops are almost perfect spheres. The large drops 
are flattened out, 


breaks up into round drops which run about 
as if they were round and hard. Water will do 
the same thing if it does not wet the table: 
generally it does wet the solid on which it rests, 
but we see many exceptions, as, for example, 
when it is spilt on a dusty surface. What wet- 
ting means and implies we have yet to consider : 
it is a very important part of our subject. Gravi- 
tation also interferes with the tendency of a 
liquid to gather into spheres. When the drops 
of mercury are very small they look perfectly 
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round, but larger masses are more like thick discs 
with rounded edges. If we seek for good examples 
of the formation of spheres by the general attrac- 
tion of the molecules for one another, we must 
contrive to avoid the influences both of wetting 
and gravitation, The small drops of mercury 


are a successful illustration, Another is to be 
found in the m 


drops as it falls, just as the rain does, 
Perhaps it se 


With what has 


it is the Tesistance to gravity 
formation of spheres. In the 


€n the dro 
the bottom of th 
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not * wet? it, and its density is such that it 
floats conveniently in a layer of pure water riding 
on a layer of salt water (Plate X A). It is, even 
when spherical supported at all points by the 
surrounding water : it is not held up at one point 
only, as a mercury drop would have to be were it 
sphere resting on a hard surface. In the circum- 
Stances of our experiment neither wetting nor 
Bravitation has any influence, and a large drop is 
formed, as we see : it is perhaps a couple of inches 
in diameter. If it is pulled about by a glass rod it 
sluggishly recovers itself ; or, after wobbling heavily 
through a variety of strange shapes, may break into 
smaller spheres. When the rod is pressed gently 
against the sphere it makes a depression or dimple 
On the surface; the toluidine's effort to form a 
Spherical drop is for the moment interfered with, 
but it adapts itself as well as possible to the 
Circumstances. So also if we float some solid 
body—an iron ball, let us say—on the surface of 
mercury, a dimple is formed; the surface of the 
mercury near the ball has the form shown in the 
figure. If we look at the form of the mercury 
Surface close to the wall of the containing vessel, 
We see the same outline. 

It is different when the liquid 
the vessel which holds it or of the 


wets the wall of 
body which 
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floats in it. If we put clean water into a clean 
glass vessel, we see the water heaping itself 
against the side, This is a more complicated 
eflect than the other; evidently there are 
attractive forces 
between the glass 
and the water, 


IRON BALL FLOATING ON Ifa glass plate 15 
MERCURY [SECTIONAL forced down into 
ORAWING y 
š a dish full of mer- 
16, 17, 


cury and made to 


Put, and indeed great 
force is required to 
remove it. 'The ex- 
planation is simple 
and in accordance 
With the principles 
Which we have been 


—Wat H > 
wall which шр agalost glass Considering. If the 


plate is to rise, the 
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rapidly in pressure if the plate were raised. As 
the pressure on the top of the plate is more than 
that of the atmosphere, the downward forces - 
on the plate are greater than those which try to 
lift it. At the edge of the plate the form of the 
mercury surface is as shown in the figure: the 
mercury refuses to allow itself to be drawn out 
into a thin sheet be- 
tween the plate and 


the bottom of the Š 
CLL 


vessel, 
Fic. 19.—Glass plate at bottom of dish 


A drop of fluid hing mercury. The plate is shown 
slightly lifted from the bottom, in order to 


which tries to draw ilustrate the refusal of the mercury to 
enter the vacuum so made. 


itself together into a 

sphere looks as if it were being held in an 
elastic bag. The atoms of mercury in the 
surface are not quite in the same circumstances 
as those in the interior, because they are ex- 
posed on one side, but it is only in this sense 
that there is a surface film. We use the idea 
of a surface film, nevertheless, finding it a con- 
venient term;, and we speak of its tendency to 
contract and of its tension. Sometimes, however, 
there is a real film on the surface which is different 
in composition from the liquid of the interior, 
and then we find many strange and beautiful 
consequences. ‘The example most familiar to us 
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is, no doubt, that of the soap bubble. ae m 
into the water a little soap, and at once Te = 
it easy to churn the soapy water into a p d 
froth or blow it out into bubbles. What has à 

Soap to do with this effect? The an is I P 
be found in the properties of the soap mo A hb 
It is of Very curious shape, many times аз Ds 
as it is broad; and it is made up of a pops 
Carbon atoms fringed along its length М 

һуйгодепз, апа ending, at one end, in a little 
bunch of three hydrogen atoms, at the other in 
a little group consisting of oxygen and юа 
The former of these bunches is very self-contained : 
its attractions for other atoms and molecules are 
small. But the latter is by no means so unsoci- 
able: it is an active group tending to enter into 
association with others, and especially it has a 
Strong desire to join up with molecules of water, 
for which reason the soap dissolves in the water. 


Because, nly one end of the chain 


is respect—the other end 
and the sides of the chain behave differently— 
the soa apt to stay on the outer 
fringe of the water if 


however, it is 0 
which is very active in th 
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one end rooted in the water, and the other 
exposed to the air. They are packed together 
side by side like the corn in a field, or the pile 
on a piece of velvet. They are not as free, 
however, as the hairs of the pile: they are tied 
together side by side, because there is some force 
of attraction between them when so laid along- 
side. We find that effect displayed under other 
circumstances, as we shall see later. Thus they 
form a sort of chain mail over the surface of the 
water: a real envelope. The sheet can be 
stretched in the sense that if it has to be extended 
other long molecules will come out of the body 
of the liquid and take their place with the rest. 
The soap bubble is a thin-walled sphere of 
solution bounded within and without by the 
soap films; it holds together so well because the 
films are there. It shrinks if the air within it is 
allowed to escape: evidently the long molecules 
would gather together with the water molecules 
as closely as possible. But there must be an out- 
Side, of course, and where both kinds of molecules 
are present it is the long chain molecules that 
form the outside layer. A very simple experi- 
Ment will illustrate still further the tendency to 
shrink, A wire ring is dipped into some soap 
Solution, and when lifted out carries a soap film 
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stretched across it. In the film floats a ring of 


fine cotton which was attached to the wire ring 
before the latter was put into the solution. If 
the film inside the cotton loop is burst by touch- 
ing it with a hot needle, the loop flies instantly 
into the form of a perfect circle, as the figure 
shows. It is clear that 
the whole film is under 
tension and is trying 
to contract. 

A very curious fea- 
ture of the soap bubble 
is its reluctance to join 
Up with another bub- 
ble. If we blow a 

bubble on a ring (see 
st 


pated on Fig. 21), we may take 
Instantly the loop fees ite, а hot needle, a se d 
e loop f Gita pete ce cond bubble an 


A Of very fine 
the Pr and the оноп Is floated 


on 
ide 


Molecules which 


: › 38 We saw before 
little tendency to 4 Я 


Һауе уегу 
Or parts of molecu], 


molecules 
dency for 
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the one bubble to coalesce with the other when 


the two are pressed together, 
that come first 
into contact do 
not attract each 
other. This is 
very clearly seen 
in another of the 
wonderful ex- 
periments of C. 
V. Boys.* A 
bubble is blown 
on a ring held 
in a stand (Fig. 214). 


only the inactive е! 
come into contact. 
Boys.) 


because the parts 


Fro, £1.—Two bubbles in collision. 
The two bubbles are pressing one another, and 
may be rubbed on one another, but do not 
coalesce, because their liquids do not mix; it is 


nds of chain molecules that 
(By courtesy of Prof. C. V. 


A small ring carrying 


a tiny weight is attached to the under part of the 


bubble as shown. A glass pipe 
is charged with solution and 
pushed through the top of the 
bubble; when blown, a second 
bubble appears within the first, 
and when it has attained a suit- 
able size is released by a skilful 
twist of the pipe. The inner 
bubble falls gently to rest on 
the lower part of the outer, 

along a ring, 


* “Soap Bubbles and the 
C. V, Boys. 
H 


not at the bottom point. 
Forces which Mould Them,” 


which it touches 


This is 
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intentional, and was the purpose for which the 
weight was attached to the outer bubble. The 
two do not tend to coalesce, although їп 
Contact all along a line, no doubt because 
they are Presenting to one another surfaces 
composed of the inactive or unsociable ends of 
the chains. If the outer bubble had not been 
pulled out of shape, the inner and outer would 
have touched each other at their lowest points. 
Now there is generally a drop of solution at the 
lowest Point of the inner bubble. When this 
comes into contact with the outer, the bubbles 
generally coalesce, The drop of solution in some 
way forms a bridge between the-two. If the 
glass pipe be pushed through the outer and made 
9m point of the inner, and so 
ht hanging from the outer may 

now the two can touch each 


othe 1 à E 
T at th West point without disaster 


is lo 


: Cules as those of the 
vario ; "e 
us saponins, chain-like formations which 


So also the 
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foam that gathers on the shore is believed to be 
due to the presence of similar molecules formed 
in the sea-weeds. 

We have learnt much about the form of these 
long-chain molecules within recent years. In 
particular we are indebted to the late Lord 
Rayleigh, to Devaux in France, to Langmuir in 
America, to Hardy and to Adam in England for 
the examination of what happens when oils are 
allowed to spread on water surfaces. We can 
repeat one or two of the experiments in order to 
get an idea of the magnitude of the effects of 
which we are speaking. We take a clean water 
surface, that is to say, a surface free from any 
contamination by oil or grease. It is convenient 
to attach a rubber tube to the tap, and let the 
free end of the tube lie at the bottom of a basin 
so that the water wells up and overflows the 
edges, carrying away any dirt that has settled on 
its surface. We now spread on the water a thin 
dusting of talc powder or anything else that is 
convenient. Next we take a fine drawn glass 
point or needle and dip it into oil—olive oil will 
do—and then, after wiping nearly all the oil off, 
dip the point of the slightly greasy needle into 
the water surface. Instantly a circle is cleared 
round the needle (Plate XI A). It appears that 
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came from within, 
out. Each molec 


» One molecule thick, covers the 
surface of the water ; 


> it is possible to find a measure 
of the thickness of the film. This is, in fact, 


s exact measurement of the same 
quantity, ang I hope to show you Presently how 
this is done, On the Tesults of the earlier work 
© assert that the thi 

layer was such as would be Vect pala 
one molecule thick ; and the ar 

greatly Strengthened p the nom. HM. 
different Substances, known Y che En mos ; 
chain molecules of different length SUR d 
upon the water, the thickness kar were place 
length, as it ought to do. med with the 
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If the drop of oil is small enough, and the dust 
is finely scattered, the cleared spot is exactly 
circular. If we prick the water surface some- 
where else, another circle is formed. Each circle 
is totally unaffected by the presence of others. 
This was relied on by Devaux to show that the 
action of each drop was concerned only with the 
surface round it over which the oil was spread : 
it was not a general effect on the body of the 
liquid. It was just what one would expect if 
the drop of oil had spread out until it was drawn 
down to a certain thickness and could then spread 
no further. By putting on a larger drop, we can 
see that larger spaces are cleared. We may, for 
example, pour a few drops into a large bath, and 
clear the whole surface. When the dust layer on 
the surface of the water is broken up into little 
patches by several applications of minute drops, 
in different places, and when the surface is not 
covered all over with the oil film, we can observe 
the quickness of the spreading by touching the 
surface with the oiled needle at some little 
distance from a floating patch, and watching 
how suddenly the patch is hurried away from the 
spot. The impulses that are given in this way 
are the cause of the lively movements of camphor 
fragments when they are dropped on the surface 
of the water, an old experiment. Аз the camphor 
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dissolves, the solution shoots over the surface in 
a film, and the camphor itself recoils like a gun 
when it is fired, or a rocket when the heated gases 
stream from its tail. Sometimes the fragments 
dart to and fro and sometimes spin round merrily. 
A tiny boat can be made to sail about on the 
water by fastening a little piece of camphor on 
its stern in such a way as to touch the water 
(Plate XI В). When a number of camphor boats 
and pieces of camphor are all on the move, it is 
quaint to see how suddenly all goes dead when 
a little oil js poured on the water. The oil film 
has covered the water in an instant, and the 
dissolved camphor no longer spreads over the 
surface, 

We have all heard of the stilling of the waves 
by pouring oil upon the sea. We can watch the 
effect by making a series of waves run along the long 


tank which Lord Rayleigh once used here for the 
Same purpose; a vacuum cleaner serves to provide 
the wind, and 


you see there is quite a heavy storm 
On the water It is magically 
lowed to fall in 
5 after а few moments the 
the end of the tank and 
We can repeat the 


again. We Must suppose 
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in this case that the wind has no “ bite " on the 
water. The latter is covered, as we know, with 
a film of oil, the top surface of which is formed 
of the inactive ends of the long-chain molecules ; 
and it may well be that the molecules of the air 
when they strike it recoil as from a smooth surface. 
A rough surface would be driven forward by the 
impacts of the air molecules—rough, that is to 
say, in the sense that the spaces between the 
exposed molecules are of the same size as the 
molecules that strike. But if the surface of the 
oil film is very smooth and has little tendency to 
hold on to any molecules that strike it, the air 
cannot push it and make it rise in little waves 
which afterwards grow to great ones. So the oil 
stills the waves by stopping the action of the 
wind, and the motion of the waves dies out in 
their own friction. 

We now come to the problem of the “ wetting” 
of a surface. We know, for example, that a clean 
glass surface is wetted by water, but not when 
it is smeared with grease, even if the film is 
almost invisible. The water molecules clearly 
refuse to associate with the molecules of the 
grease. That is not surprising, perhaps, because 
we have seen that in some cases at least the long 
molecules that make the fats and oils present to 


D 
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the outside their inactive ends, which have very 
little attraction for the water molecules. So 
water spilt on a greasy surface gathers into drops, 
just as mercury when it is spilt on the table; 
the form of the water is due to the general attrac- 
tion of its molecules for one another. An oiled 
needle can be gently laid on water without 
sinking more than to 
make a depression in 
the surface, just as 
if there were a skin 
on the water which 
gave slightly under 
the weight. Still 
more striking, per- 
Fio, 22 Greed sieve, | (Зу courtesy ot haps, is the floating 
of a greased wire 


if The sieve is dipped in melted 
parattin wax, shaken so as to clear the pores, and 


ШЧ to dry; it is well not to touch it with 
S hingers. It will float readily and carry quite 


a lo 
t of cargo, as Boys Showed at the Christmas 
Lectures ma 


ny years ago. Or it may be filled 
with water; but the water must not be pouréd 


кеш it must be allowed to flow in gently 
i Piece of paper which can afterwards be 
moved. То Show that 


the pores are quite 


sieve (Fig. 22), 
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open we can give the sieve a sharp movement, 
when the water film gives way and the water 
falls in a heavy shower on the floor. 

When soda water is poured out into a clean, 
smooth tumbler, very few bubbles come to the 
Surface; but if the surface of the tumbler is at 
all dirty or rough we may see streams of bubbles 
rising. There is ‘a beautiful old experiment 
which illustrates this effect, that of “the grape 
and champagne.” We must use soda water 

‘instead of champagne. A grape is not wetted 
by water, and so when it is put into the tumbler 
it sinks to the bottom of the soda water, where 
it collects bubbles at a great rate (Plate XII C). 
Soon it is covered over with a sheet of bubbles 
that look like seed-pearls, and these bring it by 
their buoyancy to the surface. The grape is not 
much heavier than the water, and does not require 
much to lift it. At the surface the grape parts 
with some of its bubbles, which burst into the 
open air, and this goes on until it sinks again, 
only to collect a few more bubbles and once more 
be made buoyant. The process will repeat itself 
continually for many minutes until the soda 
water is * dead.” 

It is interesting to put in two glass beads 
instead of the grape. They have been cleaned : 
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washing with soap and water is efficient. No 
bubbles form on them and they stay at the 
bottom. We take one of them out, rub it over 
with a greasy finger, and now it behaves like the 
grape, collecting bubbles, rising, parting with 
some of them, falling, and so on. 

We must realise that when a bubble of carbonic 
acid gas forms in the soda water the particles of 
the gas have to collect and push back the water 
all round. Now the water molecules are holding 
On to each other tightly, and resist being torn 
asunder. For this Teason we do not see the 
bubbles forming in the middle of the water. At 
the edge, when the glass is clean, the water wets 
the glass, or, in other words, the water molecules 
are clinging to the glass even harder than they 
cling to one another. Bubbles cannot under 
m here either, for they 
у the molecules from the 


he Surrounding water when 
WD somewhat. One of the 
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most beautiful ways of showing that is by another 
of Boys’ soap-bubble experiments. 'Two bubbles 
of different sizes are blown on the two ends of 
the same tube; when they are allowed, through 
the opening of a tap, to communicate with one 
another, the little bulb blows out the big one and 
disappears. Of the mass of bubbles in the soda 
water which lie side by side on the wall or the 
Brape, the larger ones tend to take up the smaller, 
and all of them to amalgamate. 

The little streams of bubbles that we sometimes 
see rising from definite points on the surface of 
the tumbler are due to some irregularity in the 
glass—a tiny protuberance, perhaps—on which, 
if a bubble tends to form, it already is past the 
earliest stages of small diameters. 

This tendency of bodies under water to collect 
bubbles and rise to the surface has of recent 
years become the basis of a great metallurgical 
industry, Various metal ores when crushed into 
powder form a mixture of particles of rock 
material, such as quartz and various silicates, and 
of metallic sulphides. It is found possible to 
treat the mixture so as to cover the particles 
containing metal with a thin oil film, which is 
not wetted by water, while at the same time the 
particles of rock are still clean and the water 
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wets them. The mass is then churned up into 
a froth. АП the metal-bearing particles are made 
buoyant by the adherence of bubbles and rise 
to the top in a thick frothy scum; the rest of the 
ore stays at the bottom of the vat, and the two 
parts are easily separated, ۴ 

There is one other experiment which will help. 
to illustrate these principles. We know that 
water heaps itself up against the side of a clean 
Blass vessel which contains it. The molecules 
cling to the glass, and as it were climb up thé 
wall on each other’s shoulders in their eagerness 
to affix themselves thereto. If we dip two glass 
plates side by side in the wa 
higher to the s 


Outside, Those that are clim 
help those that are climbing the other. The 

i due to “ capillary 
ng given to it because it is 
€ case of a fine or © capillary ” 
er in the fine bore is lifted up 
» one inch in the case of a tube 
If we float a small hollow 


ce of the water, the water 
rises up the sides of the ball, 


tube. The wat 
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inch—of each other, move together, at the end 
' quite violently. We shall understand that if we 
consider the diagram in Fig. 23. Two glass 
balls are floating in the water. The pressure 
at Q is less than the pressure at the level of the 
dotted line, because Q is at a higher level in the 
water. The pressure at the level of the dotted 


Fic. 23.—T wo hollow glass balls floating in water. 


The pressure at Q is less than the pressure at R because it is at a higher level 
because R and S are on the 


in the water. Th 
.. The pressure at R is the same as at S, 
Same level. "The pressure at Š is that of the atmosphere which is the some d the 
GR реЫ P. Hence the pressure at P is greater than the pressure at Q, and the 
glass ball is forced towards the other. 


line is the pressure of the atmosphere, because 
the line continues the level of the water without. 
So the two pressures marked P, both sensibly 
€qual to the pressure of the atmosphere, over- 
come the two pressures marked Q and drive the 
balls together. 

If we float on the water two balls made of 
paraffin, or two glass balls coated with paraffin, 
the two attract each other as the clean glass 
balls did, though the action is somewhat different. 
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As the figure shows, the balls combine in s. 
a dimple in the water, and again if we study the 
forces acting on the balls we find that the pressures 


E = 


Р ^ 


Fic. 24.—Two greased glass balls floating on water. eu 
The pressure at P is greater than that of the atmosphere and therefore than. 
of 0, and the balls are forced together. 


are such as to force the balls together. Dut the 
clean glass balls avoid the paraffin balls. This 
action is a little more complicated, but it can 
be followed from the figure, which shows the 


Fic. 25, 

The left-hand ball is wetted by the Water; the right-hand ball is greased Ed 
not wetted. The pressure at P js greater than that at Q, and at P” greater than 
Q "Thus the balls are forced ара 


forces that are in action. 

taining the water is clean, a 
up against the sides, 
attracted to the Side, 


When the vessel con- 
nd the water is heaped 
the clean glass balls are 
just as they are attracted 
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by each other. On the other hand, the paraffin 
balls avoid the side of the vessel. If now we 
carefully fill up the vessel with water until it 
tends to brim over, so that the edge of the water 
no longer curls up against the side, but curls 
down towards the edge of the vessel, the clean 
balls leave for the middle and the paraffin balls 
come to the side and stay there. 

All these facts which we have been considering 
are illustrations of the one principle оп which 
the formation of a liquid depends, namely, the 
strength of the attractions between the atoms 
and the molecules which are strong enough to 
keep them in constant association with each other, 
though they are not so strong as to bind them 
together into a rigid, solid body. And it is 
important ' to remember that molecule attaches 
itself to molecule at special points; one part of 
a molecule may be able to exert a strong hold 
on a special part of another. Presented differently 
to each other, there may be little or no tendency 
for the two to join together. 


LECTURE IV 


THE NATURE OF CRYSTALS: DIAMOND 


© atoms and molecules have an independent 
and, further, that 
somewhat stronger 
are somewhat less, 


ge its position and its 
We have now to consider а 
the attractive forces have 
- The bonds between the 
merous and, it may be, 

€ is tied to its neighbours 
qe a t int of its structure, so that 
10 is riveted into i Place, and in this way the 
Solid ig formed, 
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on one another. When the forces are strong, 
much movement is required to prevent them 
from binding the molecules into the solid: in 


-other words, the melting point is comparatively 


high. Substances like diamond or tungsten, of 
which the filaments of electric lamps are made, 
are so, tightly bound together that they must 
be raised to temperatures of several thousands 
of degrees centigrade before the molecules are 
forced to release their hold. Such substances as 
butter or naphthalene barely remain solid at 
ordinary temperatures; others, again, like carbon 
dioxide, still more oxygen or hydrogen, must be 
greatly reduced in temperature before solidi- 
fication takes place. It is all a matter of the 
balance between the two opposing agencies, 
motion and mutual attraction, and it is easy to 
realise that the melting points of substances may 
differ very widely from each other. 

Furthermore, a molecule is not to be thought 
of asa body of vague and uncertain form exerting 
a loosely directed attraction on its neighbours. 
When two molecules are brought together they 
may or may not draw tightly together: every- 
thing will depend on the way they are presented 
to each other. Each molecule has a definite 


Shape or outline, we 1nay say; though in using 
I 
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these words we must remember that their meaning 


will require careful consideration when we look 
more closely into the matter. The molecules 


› but rather to the 
two parts of a mechanical 


to the proper corre- 


of the Other. There may be 
More than one Way in which molecules can be 
Jemed up, апд in conse 


Trangement is 
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contains many atoms, and is, therefore, probably 
of complicated structure and curious form, the 
solid that is formed by their union is of a lace-like 
formation in space. We may compare it to a 
bridge formed of iron struts and stays; which is 
a very empty structure, because each member is 
peculiar in form, generally long and narrow, and 
is attached to the neighbouring members at 
definite points. Most organic substances, like 
naphthalene, or one of the solid paraffins, have 
such a complicated character, and the emptiness 
of the structure makes for a low density. Few 
organic substances are much heavier than water. 
When the molecules are less complicated, less 
irregular in outline, they may pack together 
more closely; if the molecule contains one or 
two atoms only, like the molecule of ruby, or 
iron pyrites, still more if it contains but one 
atom, atom and molecule being then equivalent 
terms, as in the case of gold or iron, then the 
packing may be very close, and we have relatively 
heavy substances. | 

The infinite variety in the properties of the 
solid materials we find in the world is really the 
expression of the infinite variety of the ways in 
which the atoms and molecules can be tied 
together, and of the strength of those ties. We 
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shall never thoroughly understand the materials 
that we put to use every day, nor grasp their 
design, until we have found out at least the 
Arrangement of the atoms and molecules in the 
solid, and are able to test the strength and other 


characteristics of the forces that hold them 
together, 


il the design of their 


composition. We have advanced a whole stage 


How far our new powers will 


consciously or uncon- 
Some industrial process, or 
on of a living organism. 


he new Process js especially applicable to the 
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solid, and I hope to describe it in this and the 
following lectures, which deal especially with 
the solid state. It depends on the combined 
use of crystals and X-rays, and we must give a 
little consideration to each of these subjects. 
Let us take the crystal first. 

Imagine а slowly cooling liquid to reach the ' 
stage of which I have already spoken, when the 
heat motions have decayed so far that the mole- 
cules or atoms begin to attach themselves rigidly 
together. They will lay themselves side by side, 
so arranged that the attractions of various points 
on the one for various points on the other are 
satisfied as far as possible. We can imagine two 
molecules, already tied together at one point, to 
swing about each other with diminishing move- 
ments until at last a second tie is made, quite 
suddenly, perhaps. Then it may be that a third 
tie is quickly made in the case of each molecule, 
linking it to the other of the two, or to a third ; 
and so it becomes locked into position. Thus, as 
the liquid cools, molecule after molecule will 
take its place with others already locked together, 
and the solid grows. 

Or it may be that a solid substance forms out 
of a solution in which it has been dissolved. The 
solution evaporates and the molecules meet each 
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other more often, so that their association is 
encouraged. When the liquid has entirely dis- 
appeared, the substance is а] solid. If the 
€vaporation has been s] 
wander on their wa 
to pl 


Ow, the molecules as they 
y through the solution come 
aces where already a few molecules have 


tied themselves together, 

А and join up with them, 

O 8 O O quietly and deliberately ar- 

O ranging themselves before 

(2 © they finally settle down, 

6) 6) 6) 8 Or refusing to take their 

Fio, ав, places before they are 

; Presented to each other 
їп the right way. 


» arranged as Shown. If we had to 
i a flat surface, and 


; i ve at some such arrangement as 
1s shown in Fig. 26. 


atever arrangement Wwe adopted we should 
naturally find in 


the result 4 Certain regularity, 
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as in the figure. And apparently Nature works 
in some such way: the molecules lie side by side 
in an ordered array. The point is of fundamental 
importance. Order and regularity are the con- 
sequence of the complete fulfilment of the 
attractions which the atoms or molecules exert 
on one another. When the structure has grown 
to a size which renders it visible in the microscope, 
or even to the naked eye, the regularity is mani- 
fest in the form of the solid body : it is what we 
call a crystal. It is bounded by a number of 
plane faces, often highly polished in appearance, 
so that the crystal has a certain charm due partly 
to glitter and sparkle, partly to perfect regularity 
of outline. We feel that some mystery and 
beauty must underlie the characteristics that 
please us, and indeed that is the case. Nature 
is telling us how she arranges the molecules when 
given full opportunity. There are but two or 
three in her unit of pattern, and when the unit 
is complete it contains every property of the 
whole crystal, because there is nothing to follow 
but the repetition of the first design. Through 
the crystal, therefore, we look down into the first 
structures of Nature, though our eyes cannot 
read what is there without the use, so to speak, 
of strong spectacles, which are the X-ray 
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methods. A few crystal forms are shown in 
Plate XIII. 

"There are three Stages in the arrangements of 
matter: the single atom as we find it in helium 
gas; the mole- 
cule аз it 18 
studied by the 
chemist; and 
the crystal unit 
which we now 
examine by X- 
ray analysis. To 
take an exam- 
ple, there are 

the atoms ОЁ 

s silicon or of 
anna а ee ma u ie ten, Oxygen. The 
Se there are two sorts of molecule of sili- 

um con dioxide con- 

UM eid Ман tains one uni 
tw ; '" of silicon and 
UR ‘ £ oxygen, arranged, no doubt, in 
yay, Lastly, there is the substance 


а Special fashion Which 


Screw-like character, The quartz crystal con- 
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tains an innumerable multiplication of these 
units. Each of the units has all the properties 
of quartz, and, in fact, is quartz; but a separate 
molecule of silicon dioxide is not quartz. For 
example, one of the best-known properties of 
quartz is its power of rotating the plane of 
polarisation of light, and this property is associ- 
ated with the screw which is to be found in the 
crystal unit. It takes three molecules to make 
the screw. If we insert pegs into a round stick 
as\in the figure, and make all the pegs the same in 
every particular—that is to Say, if our unit of 
pattern contains one peg only—we may form an 
arrangement like 4. With two pegs to the unit 
of pattern we can make an arrangement like В, or 
DB, With three pegs to the unit of pattern we 
may make one as in C, which may twist either of 
two ways, C, or Ca, or, as it is generally said, 
may be either right-handed or left-handed. The 
X-rays actually tell us th i 

contains three molecules, 
arranged in a screw-like fo 
the form of the quartz crystal is in complete 
agreement, because there are two varieties in 
the form, as shown in Fig. 274 In one there 
is a sequence in the faces x, s, r’ which screw off 
to the right, while in the other they go to the left. 


and that they are 
rm, with which facts 
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Such a dual arrangement may be expected to be 
à consequence of the existence of the two kinds 
though we do not yet know enough to 


enable us to guess Why these particular faces are 
prominent. 


* Krystallos 


of screw, 


Quartz or * rock crystal ” was called 
” by the Greeks; the name was 
given to ice 
also, because 
the two sub- 
stances were 
confused with 
each other. 
It is appro- 
priate, there- 
fore, that we 
should use 
quartz as an 


hat is meant by crystal structure 
unit, 


and the crystal 


cules of the cooling 
her and making а 


liquid. 
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beginning to which other molecules become 
attached. Perhaps it is a mere accident of their 
meeting; perhaps some minute particle of foreign 
matter is present which serves as a base, or some 
irregularity on the wall of the containing vessel. 
If there are very many nuclei present in the 
liquid, very many crystals will grow; and since 
they are not likely to be orientated to each other 
when they meet, they will finally form an indefinite 
mass of small crystals, not a single crystal. "They 
may be so small that to the eye the whole appears 
- as a solid mass without any regularity of form. 
In order that a large perfect crystal should be 
formed, the arrangements must be such that the 
molecules find few centres on which to grow. 
And they must grow, usually, very slowly and 
quietly, so that each molecule has time fo settle 
itself correctly in its proper place. The molecules 
must have enough movement to permit of this 
adjustment. These conditions are well shown in 
the methods which the crystallographer employs 
for the growth of crystals. If, for example, he 
is growing a large crystal of salt from a solution 
of brine, he will suspend a minute, well-formed 
crystal in the brine, and he will keep the tem- 
perature of the latter so carefully adjusted that 
the atoms of sodium and chlorine are only tempted 
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to give up their freedom when they meet an 
assemblage of atoms already in perfect array— 
that is to say, when they come across the sus- 
pended crystal. If the solution is too hot, the 


Th —Тһе thermostat, 
e temperature of the bath in which stand the bottles containing the growing 
y by йау, ТО Sudden and irre, т variations, and must be sony 
the ШАР tumed off through age PY an electric КЫА 
TOI 

е large thermometer Which also stands in the bath. Pf e ERE D 
{ime lowering—very slop magnet which poi the switch. The clock is all the 
0 qj mercury in the DRESD 

coi turned off is being sí 
bottom of the bath, and a stirrer is just above it. 
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suspended crystal will be dissolved in the unsatur- 
ated solution ; if it is too cold, crystals will begin 
to grow at many points. Sometimes the liquid 
is kept in gentle movement so that various parts 
of it are brought to the suspended crystal in due 
turn. 'The principal conditions are time and 
quiet, a solution of the salt just ready to pre- 
Cipitate its contents, temperature and strength 
of solution being properly adjusted for the pur- 
pose, the presence of a small perfect crystal and 
the gentle movement of the solution past it We 

. do not, of course, quite understand how these or 
some such conditions come to be realised during 
the growth of a diamond or a ruby; but we find 
them to be necessary in the laboratory when we 
attempt to grow crystals ourselves. 

When the conditions are fulfilled in part only, 
we may get a mass of minute crystals in disarray ; 
we may even find a totally irregular structure— 
an amorphous substance, to employ the usual 
phrase. This alone would account for the seeming 
rarity of crystals, and we have also to bear in 
mind that many bodies are highly composite ın 
character, consisting of many substances each of 
which has its own natural form. The X-rays 
show us that the crystal is not so rare as We have 
been inclined to think; that even in cases where 
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there is no obvious crystallisation Nature has 
been attempting to produce regular aban es 
ments, and that we have missed them hitherto 
because our means of detecting them have been 
inefficient. The regularity of Nature's arrange- 
ment is manifested in the visible crystal, but i 
also to be discovered elsewhere. It is this 
regularity which we shall see to be one of the 


foundation elements of the success of the new 
methods of analysis, 


Let us now tu 
X-rays. The rea 


at this stage may 
The X- 


rn to the consideration of the 


magnitude, The length of the 
a thirty-thousandth of an inch, 
est about half as much. These 
sizes are wel] suited to the purpose for which we 
employ them, Let us remember that when we 


object. Our ey 
long practice 4 


THE NATURE OF CRYSTALS 131 


interpreting such changes. We may be unsuc- 
cessful. however, if the object is too small; and 
this is not only because a small object necessarily 
makes а small change in the light. There is a 
second and more subtle reason: the nature of the 
effect is changed when the dimensions of the 
object are about the same as the length of the wave, 
Ог are still less. Let us imagine ourselves to be 
walking on the seashore watching the incoming 
Waves. We come in the course of our walk to a 
Place where the strength of the waves is less, and 
when we look for the reason we observe a reef 
Out to sea which is sheltering the beach. We 
have a parallel to an optical shadow: the distant 
Storm which has raised the waves may be com- 
Pared to the sun, the shore on which the waves 
beat is like the illuminated earth, and the reef 
is like a cloud which casts a shadow. The optical 
shadow enables us to detect the presence of the 
cloud, and the silence on the shore makes us 
Suspect the presence of the reef. Now the dimen- 
sions of the reef are probably much greater than 
the length of the wave. If for the reef were 
substituted a pole planted in the bottom of the 
Sea and standing out of the surface, the effect 
Would be too small to observe. This is, of 
course, obvious. Even, however, if a very large 
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number of poles were so planted in the sea so 
that the effect mounted up and was as great as 
that of the reef, the resulting shadow would tell 
us nothing about each individual pole. The 
diameter of the pole is too small compared with 
the length of the wave to impress any permanent 
characteristic on it; the wave sweeps by and 
closes up again and there is an end of it. 1% 
however, the sea were smooth except for a tiny 
ripple caused by a breath of wind, each pole could 
cast a shadow which would persist for at least a 
short distance to the lee of the pole. The width 
of the ripple is less than the diameter of the pole, 
and there is therefore а shadow to each pole. 
Just so light waves Sweeping over molecules 
much smaller than themselves receive no impres- 
sions which can be carried to the eye and brain 
80 as to be perceived as the separate effects of 
the molecules. And it is no use trying to over- 
come our difficulty by any instrumental aids. 
increases our power of perceiving 
with its help we may, perhaps, 
thousands of times smaller than 


same size as the wave length of light, and no 
increase in skill of Manufacture will carry us 
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further. But the X-rays are some ten thousand 
WES finer than ordinary light, and, provided 
suitable and sensitive substitutes can be found for 
the eyes, may enable us to go ten thousand times 
deeper into the minuteness of structure. This 
brings us comfortably to the region of atoms 
and molecules, which have dimensions in the 
Various directions of the order of a hundred- 
millionth of an inch, and this is also the order of 
the wave lengths of X-rays. Broadly speaking, 
the discovery of X-rays has increased the keen- 
Dess of our vision ten thousand times, and we 
бап now “see” the individual atoms and 
molecules, 

We must now connect the X-rays with the 
Crystal, and again we may first state the point in 
a broad way. Although the single molecule can 
Now affect the X-rays just as in our analogy the 


Single pole can cast a shadow of the fine ripples, 
Yet the single effect is too minute. In the 
umber of 


Crystal, however, there is an enormous n 
Molecules in regular array, and it may happen 
that when a train of X-rays falls upon the crystal 
the effects on the various molecules are combined 
and so become sensible. Again, we may make 


If a single soldier made some 


Use of an analogy. F 
it might 


movement with bis rifle and bayonet, 
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happen that a flash in the sunlight, caused by 
the motion, was unobserved a mile away on 
account of its small magnitude. But if the 
soldier was one of a body of men marching in 
the same direction in close order, who all did the 
same thing at the same time, the combined effect 
might be easily seen. The fineness of X-rays 
makes it possible for each atom or molecule to 
have some effect, and the regular arrangement of 


the crystal adds all the effects together. 
We may now consider more in detail the way 
in which 


the properties of X-rays and crystals 
are combined in the new method of analysis. 
The explanation is perhaps, a little difficult; 
and I am trying to state both What precedes and 
what follows the explanation in such a manner 
that the explanation сап be omitted by those 
Who wish to leave it for atime, It must, how- 
ever, be mastered Sooner or later by everyone 
who wishes to make use of the new methods. 

€ have seen that the atoms and molecules of 
а crystal are in regular array, and have even 
found Teasons for expecting them to be so. 
Suppose that We stand before the papered wall 
of a room and consider the pattern upon it. It is 
а repetition of some unit (Plate XIV B). Mark 
Опе particular Point of the pattern whenever it 
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occurs; if a real marking is disallowed, a mental 
marking must suffice. It will be found that the 
marks lie on a diamond- or rhombus-shaped - 
lattice, and that this lattice has the same form 
no matter what point of the pattern has been 
chosen for the marking. The rhombus will have 


22 Lo eS ET 
— 7 EO Esa Ei 


Fio, 29.—Space lattice. 


different sizes and shapes in different wall-papers, 
though the four sides will always be equal or, it 
may be, the rhombus will be a rectangle, because 
no one could endure a wall-paper in which this 
was not the case. ‘The whole pattern of marked 
points may be called a “ lattice." Each rhombus 
contains the substance of one whole unit of 
pattern with all its details, and no more. 

The arrangement in space of the units of the 
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crystal is like the arrangement on the wall of 
` the unit of the wall-paper design, except that the 
plane lattice is replaced by a “ space lattice А 
(Fig. 29). Each little cell of the lattice is 
bounded by six faces, which are parallel in pairs. 
The cell can have any lengths of side and any 
angles; its simplest and most regular form is 
that of a cube. Fach cell 
contains a full unit of pattern 
with all its details, and no 
More: it is the crystal unit, 
which possesses all the qualities 
of the crystal, however large 
the latter may be, In the 
case of quartz, for example, 
it has the special shape that 
is shown in Fig. 30, and it 
1 ecules of silicon dioxide. This 
rmined by X-ray methods, and 
dimensions of the cell, as we 
di 3 a far more difficult matter to 
Iscover the arrangement of the atoms and 
molecules within the cell, 

Suppose that We were able to look into a crystal 
wong one of the cell edges of Fig. 29, and 
found ourselves able to Tepresent what we saw in 
Some such way as is shown in Fig’ 31. There is 


shall see; but it i 
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a grouping of atoms associated with each point 
on the lattice, which grouping we represent by 
the entirely imaginary set of circles in the figure. 
The form of the grouping is of no account, nor 
its contents; it may contain any number of 
atoms and molecules, but the essential point is 
that an exactly similar group is associated with 
each point on 
the lattice, as 
in the design of 
the wall-paper. 
Suppose a train 
of X-ray waves 
to strike the cry- 


stal q Nn ¿1915 Fio. 31,—An atom group is associated with each 
8 i 
poi a lattice. 


int of 

32, А, they are 

represented by the line W W and the parallels to 
W W. When these waves strike the series of 
Broupings strung along "AA—each grouping is 
now represented by a single dot—a new set of 
similar waves will start from every grouping, 
though the wave as a whole sweeps on, just as 4 
Tow of posts planted in the sea would each 
become the centre of a disturbance wh 
passed by. At a little distance from the row AA 
these minor disturbances link themselves together 
in a connected set of waves, represented by the 


еп a Wave 
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parallel lines аа. The effect is analogous to the 
reflection of sound by a row of palings, or by a 
stretched piece of muslin. In all cases the bulk 
of the wave goes on, but there is a reflected wave 
which makes with the reflecting layer the same 
angle as the original waves, The reflected waves 
form a simple train, the same as the original as to 
wave length, but far weaker, of course: it might 
be thought that the reflection would simply be a 
confuséd mass of ripples, but it is not so. Quite 
close to the groupings there is some apparent 
confusion, but a little further along the track of 


the reflection the wavelets melt into the steadily 
moving train aa, etc, 


Behind the row of groupings strung along AA 
there is another. 


» exactly like the first, which is 
strung along ВВ (Fig. 32, B). "The original waves 
Which experiment shows to be very little impaired 
by their Passage over AA, sweep over BB in turn, 
and again there is a reflection represented by 
the group of Parallel lines 6b, Behind that there 
15 à row CC forming a cc train, a row DD forming 
a dd train, and зо on. 

As à rule the lines 44, bb, cc, do not coincide 
With each other, But if the waye length of the 
Tays, the distance between AA and BB (which 
are really planes seen edgeways), and the angle 
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at which the waves meet AA, BB are correctly 
adjusted to each other, then the lines aa, bb, etc., 
do coincide with each other. In actual practice 
thousands of reflecting planes come into play, 
and when the reflections all fit together д uu 
way exactly, the 
whole reflection 
isstrong. If the 
adjustment is 
incorrect as it 
is drawn in the 
diagram, the re- 
flections do not 
add together 
into a sensible 
effect; some 
throw their 
Crests, or what 
Corresponds to 
the crests on a 
Water wave, 
into the hollows of other waves, The adjust- 
mutual interference and annulment. se there 
ment has to be exceedingly exacts P nated the 
are so many reflecting planes, WD mom 
Other. It is easy to find a formula т tment, and 
the condition for correctness of adjus y 


Ad 
Ра 


Fic. 32.—Reflection of X-rays 


and there is 
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therefore for reflection, The line A’B’B must 
be longer than AB by a whole number of wave 
lengths. If 2 is the wave length, d the distance 
between planes, or Spacing, as it is usually called, 
and 0 the angle shown, then :— 

nd = АВВ — AB= A'D—AB = DN = adsint, 
Where 7 is апу whole number, 


р 14 
р, 
Р 


Fic. 33.—The law of reflection of X-rays. 


It is not Necessary, as T have stated already, for 
the reader to 80 through the calculation just 


given, from which the fundamental equation of 
the subject is derive 


© essentia] point js that if the direction of 
the Original Tays is gradually altered with respect 


to the planes AA, BB, etc., there will be #0 
observable refle 


ction unti] the proper inclination 
18 reached; when this happens there is a sudden 
flash of reflection. Th 


* angle of inclination is 
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observed; and when, as is always the case in 
crystal analysis, the wave length of the rays is 
known, it becomes possible to measure the 
spacing. The reflected rays cannot, of course, 
be detected by the eye, but they can make their 
mark on a photographic plate and be observed 
In other ways which need not be considered here. 
The instrument constructed for the purpose of 
the experiment is called an X-ray spectrometer. 
It measures the angles at which reflection occurs ; 
and its observations are used to determine spacings 
In the first instance, and in the second the angles 
between the various planes of the crystal. For 
Instance, it gives not only the spacings between 
AA, BB, but also between PP, ОО (see Fig. 32; B), 
and the angle between AA and PP. It gives, in 
fact, the dimensions and form of the unit cell. 
Tt is, in general, a simple matter to find by 

experiment the density of the crystal, and then 
We can find the weight of the matter contained 
In the cell. Since we always know the weight of 
the molecule, it is easy to find how many molecules 
(Во to the unit; as already stated, it Б always а 
very small number. Moreover, the observations 
of the X-ray spectrometer give us some knowledge 
9f the relative positions of the molecules that 
Make up the unit of pattern. They would tell 
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us far more than this if only we knew how to 
interpret them, but we are too inexperienced as 
Yet. We have found our Rosetta Stone, but are 
as yet only learners of the new language. ; 

The most important point to bear in mind is 
that the X-rays give us the distance between any 
sheet on which the atom groups are spread and 
the next sheet, which is exactly the same as the 
first, on which, therefore, another lot of atom 
Broups is spread. This spacing is the same thing 
as the distance between two opposite faces of 
the unit cell, We can draw the cell in many 
ways by joining up different corners of the space 
lattice. There are not only three spacings to 
be measured in the crystal, but in reality any 
number of them; usually we are content t? 
determine a few of them, 

In a few cases the Crystal analysis has already 
been carried so far that we know where every 
atom has its place in the unit of pattern. To get 
so far we have made use not only of our X-ray 
analysis, but of Many facts of chemistry and 
P hysics, 1 shal] Not describe these further details, 
ID any case; the general explanation I have 
given above wil] serve as a sufficient indication 
of the methods that have been followed. But Î 
think we shall be interested in some of the results. 
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First of all let us take the diamond, which is a 
prince among crystals. It is not only a beautiful 
and valuable gem, but in its structure it teaches 
us many things concerning the most fundamental 
truths of chemistry, particularly organic chemis- 
try. Only one atom, that of carbon, goes to the 
building of the diamond; but that atom is of 
vital interest to us. It is a fundamental con- 
stituent of foods and fuels, dyes and explosives, 
of our own bodies and many other things. The 
Structure of the diamond is remarkably simple, 
though, like all constructions in space, it 1s 
difficult to comprehend quickly. We are 80 
accustomed to drawings on the flat, paper and 
Pencil are so handy, that our minds easily grasp 
the details of a plane design. But we cannot 
draw in space; we can only construct models 
at much cost of time and energy, and so our 
Power of conceiving arrangements in space 18 
feeble from want of practice. A few have the 
natural gift, and some, being crystallographers, 
have trained themselves to think in three dimen- 
sions. Most of us find a great difficulty in our 
first efforts to realise the arrangement? of the 
atoms and molecules of the crystal. Nevertheless, 
Ша ыла жашаи ШКО ag 
become clear at the cost of a little consideration. 
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The black balls represent carbon atoms, in respect ` 


to position only, not in апу way as to size and 
form, of which we know very little. Every 
carbon atom is at the centre of gravity of four 
others; these four lie at the corners of a four- 
cornered pyramid or tetrahedron, and the first 
carbon atom is, of course, at the same distance 
from each of them. We have reason to believe 
that the ties between the atoms are very strong, 
and there is only one form of tie throughout the 
whole structure. In its uniform simplicity and 
regularity we can surely see the reason why the 
diamond is placed in the highest class on the scale 
of hardness, If it is pressed against any other 
crystal it is the atoms of the latter that must 
give way, not the atoms of the diamond. The 
diamond has а cleavage plane. In the figure it 
18 parallel to the Plane of the table on which the 
model Stands; there are four such planes, ons 
parallel to each face of the four-faced руга: 
The model can be turned over so as to rest on 
any one of the four faces, and looks exactly the 
same in each Position. The distance betwee? 
the centres of two neighbouring carbons H 
154 Ångström Units; this unit is the hundred- 
millionth of a centimetre, It does not seem 
Surprising that this Particular plane should р 
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the cleavage plane, because it cuts straight across 
the vertical connections between the horizontal 
layers that appear in the figure. Each of the 
layers may be described as a puckered hexagonal 
network. “The crystal may, of course, be 
Considered as an arrangement of layers parallel 
to any one of the four faces of the tetrahedron, 
not merely the face on which the model happens 
to stand. 

The existence of this cleavage is well known to 
diamond cutters, who save themselves much labour 
by taking advantage of it. In the Tower of 
London are shown the tools wherewith the great 
Cullinan diamond was split during its * cutting.” 
Plate XV A shows the diamond in three pieces; 
and XV B the tools used in splitting ‘it. It 
1S possible to cleave a diamond in yet another 
Plane, which contains any one edge of the 
tetrahedron and is perpendicular to the other 
edge; but the operation is difficult and rarely 
used. 

When we consider the d 7 
We cannot but notice the striking appearance, 1n 
every part of the model, of an arrangement of 
the carbon atoms in a ring of hexagonal—or 
*ix-sided- form. If we take one of these rings 
Out from the, model, it has the appearance of 


jamond construction 
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Plate XVI B, 2: а perfect hexagon when viewed 
from above, but not a flat ring. 

Now the ring of six carbon atoms has already 
a famous place in chemistry. No one has ever 
seen the ring: it is too small. But the chemist 
has inferred its existence by arguments which 
аге Most ingenious and Most interesting. Even 
those of us who are Not chemists may find пә 
great difficulty in acquiring some understanding 
ofthem. For instance, it was well known in the 
middle of last century that certain molecules 
could be formed in which the fundamental 
structure consisted of carbon atoms in a row or 
chain, and that hydrogen atoms could be attached 
to the various carbon atoms in such a way that 
every carbon atom had four other atoms attached 
to it. That was known because the molecule 
could not be made to take on any more hydr ogens; 
i as the chemists say, “ saturated, 
le carbon atom is “saturated 
Ur other atoms attached to it, 4% 
in marsh gas or methane (CH) š 
number of carbons and усо та 
What would be expected on Ir 
With six carbon atoms there oug 
еп hydrogen atoms, as the di 
this is found by experiment to 


for example, 
The relative 


to be fourte 
Shows, and 
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the case. These substances are called the 
“paraffins” (see the latter part of the next 
lecture); the various members of the series 
having different numbers of carbons in the chain. 
The particular substance shown in the figure is 
called hexane. 

Now in 1825 Faraday isolated a certain substance 
from the residue found in gas retorts, which he 
called bicarburet of hydrogen; itis now known 
as benzene. A few drops à 


Of Faraday's first pre- 9 n d Tal 
Paration are preserved as ake 
an historical treasure in | l 1! | H H 
the Royal Institution. тю. sir erem 


he molecule of this d 
substance contains six carbon atoms like hexane, 
and six hydrogen atoms. It can be made to take 
91 six more hydrogen atoms, twelve in all, but no 
Шоге, and the new molecule then behaves chemi- 
cally like hexane in respect to most of its properties. 

ut it cannot have the same structure as hexane, 

ecause it has two hydrogen atoms les. The 
Middle was solved in 1867 by Kekulé, who pcs 
Sested that the framework of benzene is атш 
Rot a chain, of six carbon atoms; We may think 
Of it as derived from the chain of Fig. 34 |! 
the removal of the two hydrogen atoms at fie 
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il the 
ends and a bending of the chain round S al 
two ends meet and are joined up. Wet i Er 
the structure shown in Fig. 35. Its с DÀ ud 
name is hexahydrobenzene. Benzene itse A 
only one hydrogen at each corner of the perag i 
The carbon chain and the carbon ring are f 
foundations of the two great divisions of s 
chemistry. Chain molecules are found оо а 
in the paraffins, but in fats, oils, soaps an 


Tu other important PUN De 
н NZ n substances. The ring Fe " 
"Y^ “н basis of many ed ding 
woe Nee known molecules, inclu 
HZ 2 N 


H dyes and explosives, E 
Such as quinine and 
Fio, 35.—Hexalydrobenzene, charin ; MH aon! ( 
of the closed hexagonal ud 
mple and beautiful explanat R 
markable chemical Pb PE | i 
ll consider one example. i 
benzene molecule consists of the hexagonal m. 
of carbon atoms, with one hydrogen at Rm 
Corner. | Each carbon atom has only three дози 
bours in this molecule: it сап take on шеп ; 
80 that on the Whole there is room for six Sh, 
atoms or Broups of atoms, to be tied on at s 
corners, and these сап beadded. But the benz 


The conception 
leads at once toa si 
of a number of re 
of which we wi 
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molecule can exist contentedly enough without 
them. "Taking the benzene molecule as it is, 
chemists find that they have the power to alter 
its constitution, pulling off one or more of the 
hydrogen atoms, and substituting other atoms or 
groups ofatoms. Ina well-known and important 
сазе, a single hydrogen is removed and replaced 
by a group consisting of one carbon and three 
hydrogen atoms, known as the a 
methyl group. The new mole- 
cule has the structure shown in 
Fig. 36, and is known as toluene, WW, MATS D 
à very important substance, a | | 
liquid at ordinary temperatures. А 
А second hydrogen can Бе re- | 
moved from the ring molecule „ш xr MS 
and replaced, let us say, by an \ 
atom of bromine; the new substance 18 
known as bromotoluene. It is very remarkable 
that when this has been done three different 
substances are obtained, all having the same 
Composition, viz. the six carbon atoms, four 
hydrogen atoms, one bromine atom and one 
Methyl group which we will presume remains 
intact. How are we to explain the existence of 
these three, endowed with different properties, 
йч: all having the same constitution ? The ring 


H—c—H' 
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hypothesis gives an immediate answer. T 
are three ways and no more of making the su 
stitutions, which are shown in the figure. The 
bromine atom may be next to the methyl group; 
or next but one, or next but two. 

° The three molecules have different shapes, and 
therefore may be expected to have different 


: 5 е 
Properties ; and there is no doubt that there ar 
н 


ы н 
H—C—uW н—с—н Ho eh 
| l н 
4 м.и 
PI 35 SORS pt 1 . 
c 
с. SH 
a S ZS Лс в x 
l ! Be 


(2) р! 
Pio, 37.—Bromotoluene, 


actually the three 


n ists 
different substances. Chemi 
h 


ave even been able to tell which is эш 
апу other similar examples could be given, b" 
thi 


š i he 
19 Опе will suffice as an illustration огы 
significance of Position as well as of compositio 
the th 


ree molecules differing only in the AW 
Positions of the two things substituted. E 
methods of X-ray analysis are peculiarly fitted 

deal with such differences as these, because they 
measure the dimensions of the unit of patter? 
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into which two or more molecules are packed, 
and can detect the effects of altering the shape 
of the molecule. A little work of this kind has 
already been done. 

It is very interesting to observe that in the 
case of chain molecules the number of carbon 
atoms is found to vary within wide limits ; butyric 
acid, the substance characteristic of rancid butter, 
contains four carbon atoms, while palmitic acid, 
found in palm oil and other places, contains 
Sixteen (see the latter part of the next lecture). 
On the other hand, the ring molecule of six 
carbon atoms occurs far more frequently than any 
other. It must be the easiest to form and the 
strongest in construction. Now the diamond, the 
only crystal, except graphite, which consists of 
carbon atoms only, is full of hexagonal rings. [ It 
is natural to suppose that the reason for the ring 
of six is to be found in the diamond structure. 
But the basis of the latter is simply the principle 
according to which each carbon atom i$ surrounded 
by four others symmetrically arranged round about 
it. 'The two lines which join a carbon atom to 
two of its neighbours are inclined to one another 
at an angle readily calculated to be 109 28. 
If in certain circumstances it is the rule that the 
junction of two carbon atoms with a third must 
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always be made so as to show this EA 
Fig. 50, then the Shortest ring that bx a 
up contains six carbon atoms. (A mode at 
be made to illustrate the point. Wooden PET 
of sufficiently regular form can be obtaine К 
large numbers, being used in the RES. 
large buttons. Four holes are drilled a. е 
Proper places on each ball, and gramopho 


" of 
needles аге used as connections. Models 
diamond, and many forms 
molecules сап th 


one plane nearly make a na 
gle of a pentagon is 108°, But fd 

› it is necessary to take us 
n the puckered form of bs 

the benzene ring is actus й 
Tcumstances, or is En 
angle is 120? (Plate XE 
Pe shown in Plate XV 1 
rm based on the врне 
angle, we find it difficult at present to say үк 
"у Certainty. Experimental evidence is ae 
lating, but is Not yet decisive as to this раев 
Point ; perhaps all three forms occur. Meanw m 
Many facts emerge in the course of the WO 

Which are definite ang Very interesting. m Tie 

The remarkable Substance graphite is, 


XVI B 2, Whether 
puckered under aj] ci 
flat, in which casethe 
or even has the sha 
Which is another fo 
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diamond, composed of carbon atoms only. It is 
much lighter, its density being 2°30 nearly; the 
density of diamond is 3°52. Clearly, some 
rearrangement of the atoms has taken place in 
which the spacings between the atoms have on 
the average materially increased. The X-rays 
show that the increase has taken place entirely in 
one direction. There are layers in graphite as 
in the diamond structure (Plate XVI A). Toone 
looking down on a layer from above it presents 
the same appearance of a hexagonal network ; 
and moreover the side of the hexagon is almost 
exactly the same in length. But the distance 
between layer and layer has been greatly increased, 
and it is this change which has made the substance 
so much lighter. Recent experiments seem to 
show that the layers have been flattened out, so 
that each carbon is now surrounded by three 
atoms in its own plane. If the ties between the 
atoms in each layer have altered at all, they have 
at least not lost in strength; ОП the other hand, 
the! ties betweenwlayern andi АУЗ x greatly 
weakened. For these reasons the layers slide over 
each other very easily, and at the same time each 


layer is tough in itself. It is the existence of 
these two conditions that makes graphite 50 


good a lubricant; not only is the readiness to 
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slip of importance, but also the fact that hr I 
layer does not easily break up into pow í 

When one slips on the black-leaded hearthston > 
some of the layers are clinging to the stone an 
some to the sole of one’s boot; it is these layers 
that slide on one another. It is very curious 
that a single change—whose real nature Y 
however, a mystery—should convert the su ; 
stance which is chosen аз the type of hardnes 


1 . . we 
Into one of the most efficient lubricators 
possess, 


Another set. of facts which also supports the 
idea that the rin 
sions which can 
to be found in 


ces 

anthracene, These es 
: š с ‚ 
Importance in the dye indus {ү 
the former being used in the manufacture 


Pegs Cae \ б 
artificia] Indigo, the latter in the manufacture 


D M s z , Д о 
alizarin, Which is the active constituent 
madder, 


are of the Breatest 


B E ost 
Naphthalene 13 a common substance; to m 


.. ` he 
US It is no doubt familiar in the form of t 
White, Strongly smell 


of 
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In general appearance they resemble the crystals 
illustrated in Plate XIII D. 
The chemist finds that naphthalene consists of 
х double benzene ring which we draw as in 
aS 38, A; anthracene is based on a treble ring, 
ig. 38, B. When crystals of the two substances 


are subjected to 
X-ray analysis, it i | 
is found that the ну Po Soa 
unit of | I | 

, pattern А | | | 
contains two mole- u^ 22 S Nuy 
cules and that the | | 
Shape of the cell à Д 

н n H 


which contains the | | | 
unit is as chown O s PONI 
ity Fig) дө; Thé ГАП | 
dimensions of the ° u^ ^M Бел — Ca 
ris are given be- | | | 

О H 

PE н 7 АРМА and anthracene. 


are compared with еа 

Worthy that along two of the edges the cells are 
very nearly the same size; but that there is a 
great difference in respect to the third. The 
natural inference is that the double and treble 
ring molecules lie parallel to OC in the two 
Cases, and that the difference between 11:18 and 


Fio. 3$- 


ch other, it 


is note- 
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8:69 is to be ascribed to the extra length of the 
molecule. The anthracene contains one more 
ring than naphthalene, which gives it the extra 
length, 2°49. Now if we measure the width of 
the ring as it occurs in diamond, it is found to 
be 2°50. Thus we again find support for the 
view that the ting has a definite form, and nearly 


A 
NAPHTHALENE ANTHRACENE 
Fio. 39.—Unit cells of naphthalene and anthracene, drawn to the same scale. 
OA OB oc 
Naphthalene, 8. : Angstrom 
34 6-05 8:69 Figures in Angstr 
‘nthracene, 8-58 боз 1118 — Units; see p. 144- 


cules it contains, as well a$ 
about the relative positions 
If we know the size, more ОГ 
the ring or rings which form 
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part of the molecule, we can set out on the 
investigation of the structure, knowing that 
bodies of definite dimensions have to be fitted 
into cells of definite shape. Work of this kind 
18 extraordinarily interesting, since it gives us new 
knowledge of the arrangements of the atoms in 
the organic molecules and of the forces that bind 
the atoms in the molecule and the molecule in 
the crystal. It is a new field of inquiry, in which 
some results are definite and clear, others more 
obscure and difficult to interpret until greater 
experience has been obtained. 
А The organic molecule appears to u$ so far as a 
light rigid framework, in itself tightly held to- 
Bether, but weakly joined to its neighbours 1n 
the crystal Organic substances ате nearly 
always light, not very much heavier than water. 
The fact that the density of naphthalene 1s 
only rro shows the emptiness of its structure. 
Even the diamond is full of holes, like a sponge. 
If the holes were filled up by other carbon 
atoms, the density of the diamond would be 
doubled, for each hole is just large enough to 
fakelone more carbon atom ancl there Lar i 
Many holes as there are atoms. 
The weakness of the bonds that join molecule 
to molecule is the cause of the softness of the 
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organic crystal and of the ease with which it can be 
me reason naphthalene © sub- 
it evaporates while in the solid state. 
olecules are flung off from the solid, 
а vapour which may crystallise again 
r part of the containing vessel. 


melted. For the sa 
limes ” : 

Whole m 
and form 
in a coole 


= Naphthalene ‘and anthracene аге flaky ID 
structure ; j 


they’ have, as it is said, a wel- 
developed с 


leavage. ' The dotted lines show the 
Cleavage Plane ; clearly the molecules break away 
from each other more easily at the ends than at 
the sides, _Ineach flake the molecules stand neatly 
upright, like 


corn leaning Over in the wind. 
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'The general conclusion to which we are led 
by these considerations is that the “ benzene 
ring” is a real material object of definite form 
and dimension, which is built into crystalline 
structures with little alteration of form. We 
must now go on to consider the “chain” 
molecule: the basis of as great a section of 
Organic chemistry as that which rests on the 
Ting. As this lecture is already long enough, we 
can consider the chain in our next lecture, in 
addition to the ice crystal, which will be our 
main subject. 
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THE NATURE OF CRYSTALS: ICE AND SNO 


Wuen we look round to see what crystals ve 
shall examine by our new X-ray analysis, i 
crystals of ice and snow at once strike our nx 
ation. Water is one of the most obvious Su 
stances in the world. it affects our lives He 
numberless ways and we are interested in all t Ў 
forms which it сап assume. And again, оли 
scientific point of view we should like to RR 
the structure built With so simple a molecule, 


‘cht 
one oxygen and two hydrogens, and we migh 
find that j 


of the frost crystals m 
SO quaint and charming i 
It is true that’ the blocks of de 
the freezing works are not тета j 
of outline, though there ya 
atching them slither across 


: , incers. 
€ end of the ice-man's pin 
i160 


that come from 
able for grace 
fascination in w 
Pavement at th 
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The manufacture of commercial ice is too rapid 
to bring out the ice design: the crystalline 
structure is there, but the mass contains a multi- 
tude of tiny invisible crystals oriented in all 
directions, and is full of bubbles and sheets of air. 

If we are to see what Nature will do if left to 
work out her design in peace, We must examine 
the snowflakes that fall in a hard northern winter. 
In England, we do not see the best crystals: it 
is not cold enough. Observers in other countries 
such as Sweden and America have many exquisite 
drawings, which are to be found scattered through 
physical and meteorological publications. Some 
of them are reproduced in Plates ХУП and 
XVIII. 

We can imagine the way in 
flakes grow. One or two molecules of water 
become associated in the upper air; molecule 
after molecule adds itself to the growing, falling 
crystal, filling out the details of the pattern until 
at last the six-pointed snowflake rests gently on 
the ground. If the weather is cold the flake 
may continue to grow in the same way, and the 
crystals develop perfect little facets, which glitter 
like diamonds in the sunshine. When the snow 
crystal first forms, it is very often feathery ; the 
six arms grow outwards and other little arms 


which the snow- 
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grow out from each of them to right and left, 
and from these yet smaller arms, and so оп; all 
the arms joining each other at the angle of 60°, 
30 that the whole is like a six-pointed star of fine 
lace. "These feathery forms are peculiar to the 
early stage of crystallisation, and seem to be the 
consequence of sudden and rapid freezing. The 
arms stretch out from the centre because they 
have used up the nearer molecules that are ready 
to join up into the structure, and they must 
Stretch out into new fields. This effect is often 
found in other cases of rapid crystallisation; 4 
notable example is the formation of skeleton 
crystals of iron in the crucible of molten and 
cooling metal. If they are to be preserved, the 
Test of the liquid must be poured off before the 
crystal has had time to fill up vacant spaces: 
They are called © dendrites,” because they look 
something like trees, with trunks, big branches, 
small branches, and so on, but the angle at whic 
two branches of an iron crystal join together 18 û 
Tight angle, not 60°, and the form is far from 
being as graceful as that of ice. 

hen the snow crystal has had time to grow: 
and there is an available supply of molecules, ze 
Барз fill up, and the crystal becomes а hexagoni 
Plate (Plate XVII B). Sometimes, it is suppose” 
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the plates grow in that form from the beginning. 


. Strange to say, these plates are often connected 


in pairs by a hexagonal prism; опе plate is 
generally larger than the other, and the whole is 
like a fairy tea-table (Plate XVIII A). The prism 
appears also in the curious formations of Plate 
XVIII C, which is taken from Wright and Priest- 
ley’s “ Glaciology,” British Antarctic Expedition, 
1910—1913. 

The prisms and 
plates and “ tea- 
tables ” are believed 
tobe thecauseof the те temen, т 
mock suns and halos теш through f 
that are observed in high latitudes (Plate XIX). 

Suppose that the hexagon in Fig. 41 repre- 
sents a section of one of these prisms or plates, 
and let ABCD be the path of a ray of light going 
through it. It is refracted at the points B and 
C; the ray is on the whole bent through an angle 
of at least 21° 50, which is, in the language of 
physics, the angle of minimum deviation. If in 


Fig. 42 S be a source of light and E the eye, a 
ray from Š is bent in going through P, and will 
enter the eye if P is properly placed. In the 
figure the prism is placed symmetrically, in which 
case it is known that the deviation SPE has its 


Fic. 41 


presents a magnified 
ыш. ABCD is a ray 


164 THE NATURE OF THINGS 


minimum value, Any prism lying between б 
and SP'E, such аз Py will bend the ray from = 
such a direction that it cannot possibly а 
the eye, no matter how the prism is placed. ai 
eye cannot receive a refracted гау from any A. 
Prism. A prism P, may send light to the ey 


P' 
text. 
—Shows how the ice halo is formed. For a description see the te 
if it has an uns 
shows; the an 
than the 


Fio. 42. 


ymmetrical position, as the Aa 
gle of deviation has to be p 
minimum; and that is why the p "T 
must be crookedly Placed, as in the figure. эп 
therefore, ап Observer at E stands facing the UU 
at S, light will be seen to come from the i ; 
РЕ апа РЕ, and also other directions outs! use 
but the latter will be telatively feeble, Pee c 
most (Of the deviations are not far from 
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minimum value—the further they are from it, 
the fewer they are, in accordance with а known 
law of maximum or minimum values. Also there 
is no light at all from within PEP', and the con- 
sequence is that the strong light of the minimum 
deviations is the more sharply defined. 

This applies to rays coming from all directions 
round the sun ; and so, on the whole, the observer 
must see a ring round the sun, sharp on the inside; 
rather more diffuse on the outer. * For red light 
the angle PEP' is rather smaller than for blue, 
so that the halo is not quite white, but is coloured, 
red on the inside, blue on the outside. The halo: 
is observed if there are enough ice prisms in the 
air, just as a rainbow is seen if there is a sufficiently 
large number of drops of rain. When a ray of 
light goes into a raindrop and out again it is bent 
through an angle of more than two right angles, 
so that to see a rainbow one must have the sun 


at one’s back. i 
A little model may help to make this explan- 
бп clearer) не arc lampa, S in the figure 1$ 
the source, the eye is at E. Between S and E is 
the latter 


a stand on which an arm is mounted ; 


carries a glass prism. The dimensions of the 
ay of light refracted 


model are so adjusted that а r с 
by the prism falls on E. If the arm swings 
M 
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round J, the eye continues to be illuminated. If 
there were prisms all round the circle, the eye 
would see a circle of light round the central spot. 

If for any reason the prisms tended to set 
themselves in certain positions only, the halo 
would be incomplete. Something of this kind 
actually: happens. When а long prism falls 
through the air, the axis tends to set itself 
horizontally. If, however, it has the tables at the 
ends, as shown in Plate XVIII A, or if it is simply 
a hexagonal table which may be considered as a 
very short prism, its axis tends to become vertical, 
or, in other words, the table itself to become 
horizontal. This rather strange effect is in 
accordance with a well-known rule concerning 
the movement of bodies through gases or liquids. 
They tend to set themselves so as to offer as much 
opposition to the motion as possible. If we 
make a packet of two or three letters or post- 
cards, and drop them from a height, holding them 
horizontally and taking the hand quickly from 
underneath, they remain level throughout the 
fall. But if we let them fall edge first, they 
subsequently turn over and over. When we drop 
a white plate into the water, we see it swaying 
from side to side, but always tending to the 
horizontal position. “The consequence is that the 
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falling shower of ice crystals contains ps ks. 
proportion of vertical and horizonta ^ y Ks 
Those parts of the halo which lie at the NW 
of the horizontal and Mrs 
diameters are emphasised, bs 
are like bright Spots on the pes 
they are often spoken of as mo 
suns, 

It is easy to show the tenden 
of the * tea-table” forms to be 
Come vertical as they fall. He 
make a number of models 9 
ebonite and allow them to fall E 
a tall jar full of water. А ies 
tall jar is the best, but eee 
the depth is not more t н 
eighteen inches or so the ад 
із quite obvious. Си 4 
enough, some of the bodies We 

to fall with the plate leading Ет 
and olin deum Way, and some with the PE 
Mae "ueni the tear. The point was exami id 
tall jar, E К 
mathematically by Besson, is 
hen the diameter of the pM 
d to the length of the prism, Lid 
80 first, and vice versa. nt iid 
Xperiment; it is best to ho 


Showed that w 
small compare 
plate tends to 
Prove this by e 
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axis horizontally under the surface of the water 
and then let go. 

The whole of the vertical line through the 
centre of the halo is often illuminated also, but 
this is due to a different reason altogether : it is 
caused by reflection at the flat surfaces of the 
snow crystals and plates. Consequently the 
observer receives reflections of the sun from 
snowflakes at all altitudes, but they must all lie 
in a vertical plane through the sun. The bright 
vertical line is called a “sun-pillar.” . 

Ice when it forms quietly on a water surface 
exposed to the sky crystallises in a form analogous 
to that of the snow crystal, all the six-sided figures 
being horizontal. That it does so is not generally 
very obvious, though in books of Arctic explor- 
ation pictures are to be found of table ice breaking 
up into six-sided vertical columns, like the basalt 
columns of the Giant’s Causeway. It is also said 
that when the ice on a lake breaks up, it first 
divides into yertical columns, which for a time 
hold each other up; when, however, the ice 


begins to move, the collapse is rapid and the lake 


clears quickly. 

In the accounts given by Antarctic explorers, it 
is especially mentioned that the ice on fresh- 
water lakes was found to be divided into six- 
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sided prisms, all standing upright on the NER. 
The planes of Separation were marked by a x 
air bubbles. On the sea ice the formation of t 


crystals led to an expulsion of the salt which was 


crystals, through whi 
at the rocks under 
ere is a very 
crystalline structa; 
Tyndall in his boo! 
A slab of clear { 
arc lamp and i, 
Fig. 45. The h 
“undo” the cr 


Се is placed in the rays from is 

focused on the screen, as i 
баё of the lantern begins i 
ystals, which come to pieces 
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in the growth of the 
interlacing figures. 


“ flowers of ісе" 
resents a certain 
whole screen is covered 


" is tak 
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with 
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the order inverse to that in which they were put 
together. Little six-rayed cavities appear and 
grow, looking like flowers of six petals, and other 
Cavities having a fern-like form in which the 
fronds are inclined to the stem at an angle of 60°. 
Soon the whole Screen is covered with these 
* flowers of ice,” as they are called: it looks like 
a beautiful carving in low relief, The ordinary 
commercial ice does not show the effect; there 
is a specially Prepared “ plate ice ” which is fairly 
satisfactory, But the Natural ice that is formed 
in the open at night-time is far better than 
anything frozen under the usual conditions of 
Ice manufacture, Many disappointing trials were 
made to Prepare a Satisfactory experiment for 
these Christmas Lectures, After all, there was 4 
kindly frost on the night before, and a young 
ut on his bicycle and collected 
umber of pieces which showed 
idly. It is clearly essential that 
Ow quietly ; probably it is also 
t the water should lose heat 
quietly at one face, as the water of a pond 
frosty night. , 

л К spot often appears in the centre 
of the ice flower, Tyndall was greatly intereste 

In it, and explained its Occurrence, When the 


=== 


—À У 
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ice melts within the block and a cavity is formed, 
the water due to the melting occupies less volume 
than the ice from which it came. Perhaps it 
holds together at first in a hi ghly strainéd condition 
and fills as water the space it filled as ice. But if 
so the strain must be very great; it breaks away 
from the ice and shrinks to its natural volume. A 
vacuum is left, which acts as a tiny lens and diffuses 
the light that crosses it. Hence the black spot, 
which implies the absence of light going straight 
through the cavity. 

The ice flowers can be seen in glacier ice, where 
produced by the heat of thesun. Whena 
glacier is formed by the contributions of ice from 
tributary glaciers or from blocks that have fallen 
in on the sides, the mass may consist of a pile 
of ice masses all frozen together, each of them 
showing ice flowers. The orientation of the flowers 
shows in each case the original lie of the block, 
for they are always formed in planes which were 
once horizontal. In the figure (Plate XX A), taken 
from an old volume by Agassiz, a section of glacier 
ice shows well the various positions of the cavities— 
some in full view, some on edge, and some in 
intermediate positions. f 

Let us now turn to the analysis of the structure 
of the ice crystal which X-rays have made possible. 


they are 
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We must hope to find in it some explanation for 
its form and other physical properties which we 
have been considering, It turns out that the 
structure is something like that of diamond : 
there is the same symmetrical arrangement of 
four neighbours of like kind round every atom. 
In this case, it is the oxygen atom that stands at 
the centre of a tetrahedron, four other oxygen 
atoms lying at the four corners, ‘There are, 
however, certain minor differences of structure. 
In the first place, in diamond the carbon atoms 
Join on to each other, In ice there are the hydro- 
gens to be placed. If we put one hydrogen betwee? 
each pair of oxygens we shall have a symmetrical 
arrangement in which the atoms are in the proper 
numerical proportion, Every oxygen has four 
hydrogen neighbours, and every hydrogen has 
two oxygen neighbours, which implies that there 
are twice as many hydrogens as oxygens. A mode 
showing the arrangement under these conditions 15 
illustrated in Plate ХХ B,C. The large balls r°- 
Present oxygen, the small represent hydrogen- 
must be clearly understood that the X-r ay metho’ 
do not measure the size of the oxygen atom, ОГ 9 
the hydrogen. All that they do is to find the 
distance between the centre of one oxygen 4F 
thecentre of an oxygen neighbour, a distance which 
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is the sum of the diameters of oxygen and hydro- 
gen. The oxygen atom may take all the room, 
and the hydrogen none, because the hydrogen 
atom is supposed to hand over its electrons to the 
oxygen and be left a bare nucleus. No one can 
say how its size should then be represented.. In 
making a model we must adopt some sizes for the 
balls which represent the atoms, and the model 
must be interpreted with the corresponding 
reservation. 

There is a second point of difference between 
diamond and ice which is subtler and more difficult 
to realise; but it is worth while trying to under- 
stand it. If the reader finds it too difficult to 
grasp, he may leave it out without any fear of 
losing the thread of the story. Š 

Suppose that we are looking down on the 
diamond model from above, and we see a single 
puckered layer, as in Fig. 46, A. The carbon 
atoms are marked as r, if they lie directly on the 
base of the crystal, and as 1° if they are the atoms 
which are somewhat raised above their neighbours 
in the layer. Take another layer exactly like 
the first, and write 2 everywhere instead of т, 
and place it on the first, so that each 2 comes 
over a 1'—that is to say, an atom in the lower 
level of the second layer comes over an atom 
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S A 
in the higher level of the first, This is hor 
happens in diamond. 'The combination is Bat 
in Fig. 46, B, where 1’2 means that the Kom 
over the atom 1’. Now take a third layer, 
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Fic, 46.—Arrangement of at: 


Ë 


з їп diamond and ice. 


Ç : so that 
We may denote by using 3%, and lay this Шү 
3 comes over 2’, We then get the War an 
of Fig. 46, C, and when this is repeated ov we get 
Over again, in the same order 123125 
the diamond structure, 
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If now we begin again with a layer of 1’s, but 
take as the arrangement of a layer of 2's that 
which is shown in Fig. 46, D—which, it must be 
carefully observed, is not the same as before ; the 
layer of 2's has been turned. round in its own 
plane through 180°—we then repeat the first 
layer, and alternately have 1 and 2. This gives 
us the arrangement of the oxygens in ice. The 
structure is complete when we place a hydrogen 
between each pair of oxygens. | 

If we look at the picture of the ice model shown 
in Plate XX B, we may be able to realise the 
arrangement. Why one crystal should repeat 
continually a series of three layers, and the other 
of only two, we cannot imagine. 

If we now look at the model of the ice structure 
we can see in it many interesting features which 
help to explain what we know of the properties of 
ice. The hexagonal structure is there, of course, 
and the emptiness of the model is surely connected 
with the lightness of ice and the featheriness of 
snow. Ice floats on water; we can see that the 
molecules of water when they join up in the crystal 
structure must take up more room than before, 
We could obviously crush the model together into 
and that is, no doubt, what 
There is 


a smaller space, 
happens when ice melts under pressure. 
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a well-known experiment which illustrates the 
point. A block of ice is supported at its ends; 
and a fine wire carrying heavy weights is slung 
Over it, as shown in Fig. 47. 'The wire pro- 
ceeds to sink slowly into the ice, but as it does 50 
the ice closes up behind it, and when, finally, the 


Fic. 47, 


—Wire cutting through ice (from Tyndall), 


wire makes its way right through the block and 
drops, with the 


< Weights, оп the floor, the bloc 
18 still whole, It would seem that the press 
of the wire on the block breaks down the struct! 
of the ice, and some of the molecules are set free; 
In other words, a certain quantity of ice is mel 
under pressure and becomes water, which 1 
Squeezed out from under the wire and slips Qr 
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to the vacant space above it. There it joins up 
again with the ice on either side. We can imagine 
the molecules as settling into their places, because 
on either side there is crystalline ice holding out 
hands to them. ⁄ 

Crushed ice can be moulded under great 
pressure into various shapes. We may, for 
instance, make a crystal cup: we need two or 


Fio. 48.—Ice moulds and the making of a cup (from Tyndall). 


three boxwood moulds of the proper shape. In 
one we can form the upper portion of the cup, 
in another the stem, and in yet another the foot ; 
then we join them together into one piece by 
holding them into position for a few moments. 
The moulds we use in making the cup shown in 


Fig. 48 were once used by Tyndall for the same 


purpose. 
When Tyndall 
was proposing a theory of the movement 


showed these experiments he 
of glaciers, 
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and employed them as an illustration of his argu- 
ments. Tyndall, we may remember, devoted 
a great deal of time to the measurement of glacier 
movements: he was interested in them both 
from the scientific point of view and from his 
devotion to mountaineering, 

Glaciers descend from the snow-covered 
mountains, glide along the valleys, and pour out 
into the plains almost as if they were fluid: ? 
Very viscous, treacly fluid, because the motion iS 
so slow—a few inches a day or even less in some 
cases, many feet a day in others, That which has 
always excited wonder and interest is the statclines? 
of the motion, and the strange way in which у 
Substance so brittle and crystalline can flow like 


а river, can move round the corners of a valley» 
or fall over a cli In 


Tyndall’s time m 
a theory 


ff and yet remain whole. 
uch consideration was give? d 
which Supposed that the glacier melte 

internally in places Where the strain was great 
and that the Water thus formed slipped away 
relieving the Pressure. It would freeze apad 
it was said, if it made its way into empty 986 c 
ог spaces where there was no longer the рте 
required to keep it molten, Thus the glac’? 
would, in a way, contract where compressed Ei 

expand elsewhere, and so accommodate its€ 
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its bed. The explanation seems to offer difficulties 
when we think of the glaciers in the Arctic or 
Antarctic which also flow, though the temperature 
is so low that no conceivable pressure would 
bring about any melting. 

It is possible that when we look a little more 
closely into the behaviour of a crystalline structure 
we shall find another way of conceiving how the 
motion takes place : not so very different in reality 
from the view that Tyndall maintained, but not so 
open to criticism. There are many substances 
that can be made to flow like a glacier: metals 
can be squirted through holes; wires can be 
drawn; plates can be rolled. Even the surface 
of glass, or of a perfect crystal such as Iceland spar, 
can be made to “ flow," as Sir George Beilby has 
shown. Now all these things are crystalline; if 
we did not know it before, the X-rays have 
emphasised the fact for us. And they are just 
as crystalline after the flow as before. We shall 
$ee some examples when we come to speak of the 
metals. ‘The substance accommodates itself to 
pressure, changing its shape as it does so. Whole 
layers of atoms or molecules are momentarily 
uprooted from their places, ride over the tops—s0 
to speak—of the atoms on which they lie, and 
settle down into a new position, or perhaps are 


N 
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kept on the move for some time. When they 

settle down again for a moment the crystal i$ 
perfect once More, and when they are uprooted, 
the bonds are broken as if the substance was going 
to melt. This must be especially the case when, 
as in ice, the substance contracts on melting, when 
the bonds, breaking under pressure, let the atoms 
and molecules take Up positions in which less 
space is Occupied than before. When a piece of 
metal is bent or squeezed into a new form, the 


crystals of which it is made, whether few or many» 


are “sheared that is to say, one part slides 
on another Part; and we can understand how 


Many successive “ shears » can bring about any 
change of Shape. So it may be in the case of ice : 
. both Shearing and melting may be called into play 
during the change of Shape. The “shearing” © 
ice has often been observed. A block of ice is cut 
from the ice that has formed naturally on к 
Surface of the water, If such a block is support? 
at its ends, and lies in the same position whic 
it had when it Brew, it bends under a weight; J m 
аз а beam would (Fig.49, A). Ifit is turned on E. 
edge and placed so that the layers which were hog 
zontal are now vertical, and their plane is рагай g $ 
the line joining the supports (Fig. 49, B), then t Т 
block yields very little indeed. If the planes п 
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were horizontal are perpendicular to the line 
joining the support they slide on one another, and 
the ice block is altered in shape (Fig. 49, C). If 


under pressure and 
local melting a few 
molecules are set 
sufficiently free to 
move as a liquid into 
a new place, they 
will, as in the case 
of the wire, readily 
join on to the ice 
structure on either 
side, simply because 
a place is always 
waiting for them. 
But we can look on 
the effect in the 
general sense as due 
to the movement of 
the planes over one 
another. 

It is curious to see 
with what readiness 
pieces of ice join 
together. If we rest 
one fairly flat piece 


Fia. 49.—A set of planks arranged as in A 
would bend under a weight. Set up on edge 
as in B, they would bend far less. If arranged 
as in С, stuck together by some very viscous 
substance, they would yicld gradually and 


continuously. 
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onanother for a few moments, we can, keeping ms 
of the latter piece, turn the pair upside down, an 
the added piece does not fall. When two pieces 
of ice are held together under water, even warm 
water, they join together. ' f 
We may now go back to the consideration h 
the peculiar chain molecules of carbon atoms which, 
from want of time, we were obliged to leave over 
from the last lecture. When we considered the 
structure of the diamond, we saw that there Was е 
certain arrangement of the carbon atoms which M. 
found everywhere within it. It was an arrange 
ment of six atoms in the form of a ring. We d 
that a similar arrangement formed the basis of t 
so-called benzene ring, which is a molecule {о 
by fringing the Six-sided carbon ring with p 
hydrogen atoms; and that a very large ain 
other important molecules were founded or d 
same arrangement, the hydrogen atoms be! à 
replaced by various other atoms or gron E i 
atoms. The study of these molecules. is nic 
Purpose of one of the great branches of Hs 
chemistry. The molecules form substances E 
are called © aromatic," because many of t 
have a fragrant smell. anic 
There is a second great branch of 018 
chemistry, which deals with substances э. 
different kind, They are called “ aliphatic 
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word implying that they are well represented by 
oils and fats. The chemist has been able to 
prove that in this case the molecule is formed of a 
chain of carbon atoms, to which various atoms, 
particularly hydrogens, may be attached along its 
length and at its end. The ring was obvious in 
the diamond structure. It seems, from recent 
experiments, that we may find the chain also in 
the diamond; so that the diamond contains the 
essentials of both the great branches. 

We considered a few examples of the ring in the 
last lecture, but left the chain until to-day. The 
chain is formed of any number of links, each of 
which, in general, is made out of one atom of 

! carbon and two atoms of hydrogen; and the ends 
d of various groups of atoms, of which 
some are very common and give to the chain 
well-known characteristics. In the simplest case 
the ends are formed of hydrogen atoms, and we 
have then the hydrocarbon or paraffin molecule. 
The symbol of pentane, for example, is written 
by the chemist as follows :— 
ШОН] 


are forme 


Pentane is an inflammable liquid used in standard 
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a 
lamps—that is to say, lamps which pee aa 
standard of comparison for other lamps, dd 
they burn with a steady and constant ay in 
The diagram is intended to represent the W M 
Which the various atoms are attached to i 
another. Each carbon is joined to four sely 
atoms. The carbon atom cannot link up c me, 
to more than four, so that the molecule wo 
be added to Without first breaking it somew it is 
It is said to be saturated. In the diagram "n 
represented as lying altogether in one EN, 
Partly because of convenience of drawing, P n 
because so little is known of its actual PE. 
ment. One of the objects of the X-ray ana 2 T 
is to determine the relative positions of the pr 
in a molecule more accurately than has sear 
possible hitherto, and to measure the lin їп 
dimensions, In the case of these lng M 
molecules, the X-rays have recently had 2 
unexpected success. In order to express ] or 
additional knowledge, we really need a mode ple 
a sketch in Perspective; a model of the proba 25 
form of the Pentane molecule is shown in Pla 

A. d 
members of the paraffin series are Wr 
Petroleum wells. They 4 


inflammable, because they readily break up under 
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r stimulus in the presence of oxygen, 
and the atoms rush into fresh combinations, 
developing great heat in doing so. The shortest 
member of the series contains only one link. 


the prope 


It is a gas, called methane or marsh gas, represented 
thus :— 
H x 
| 
H—C—H 
| 
H 


stagnant water containing 
decay. As the chain grows 
longer, the substance holds together better. 
Pentane, with five links is a liquid at ordinary 
d boils at 36° С.; pentadecane, 
boils at 257° C., while penta- 
cosane, with twenty-five links, is solid at ordinary 
temperatures and melts at 54? С. The long 
molecules are supposed to have a tendency to lie 
side by side, like matches in a box; we shall see 
that this view 18 strongly supported by the X-ray 
results. It may, therefore, be expected that the 
longer they are, the greater the forces required to 
tear them apart; so that for this reason alone the 
longer the chain the higher its boiling point and 
melting point. As a class they have no strong 


It bubbles up from 
vegetable matter in 


temperatures an 
with fifteen links, 
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hold on each other: the boiling and melting 
pointsarelow. The cloak of hydrogens with which 
they are covered seems to hinder their association 
with other molecules such as those of acids. In 
fact, the word paraffin is derived from two Latin 
words meaning “ little” and « affinity.” But, as 
Thave already said, they join up very readily with 
oxygen under the Proper circumstances. 

The behaviour of these с 
if we take off an end 
one. By substitutin 
à certain group, 
and a hydrogen, 


hains is greatly altered 
group and put on a different 
8 for one of the end hydrogens 
containing a carbon, two oxygens 
We get another highly important 
series of compounds called the <“ fatty acids.” The 
group is known as the carboxyl group. Here 
n may be of any length. When 


there is only one carbon in it, the chemist repre- 
sents it thus ;— 


Meaning that of the four bonds which carbon can 
exert, drawing four other atoms to itself, one goc 
to a hydrogen, another to an oxygen which carrie 
a hydrogen, and two BO to a separate у 
binding it very tightly. This substance is iore 


THE NATURE OF CRYSTALS 189 


acid, which is secreted by ants, and has a very 
irritating action on the skin, as we allknow. When 
a fresh link is added to the chain, we have acetic 
acid, which gives acidity to vinegar ; in fact, the 
name is derived from the Latin word for vinegar. 
The formula is now :— 


MEG 
| 
0 
ip wok ) 
H H 


it is the substance 


Butyric acid has four carbons ; 
péculiar taste and 


that gives to rancid butter ‘its 
smell Lauric acid has twelve carbons, and is 
found in laurel oil and cocoanut oil. Myristic 
acid has fourteen, and is found in the butters 
of mace and nutmeg. АП these are liquids. 
Palmitic acid, found in palm oil, has sixteen, and 
stearic has eighteen. The last two are solids at 
Ordinary temperatures. They are used in the 
manufacture of stearine, candles, and, slightly 
modified, are the most important . constituents 
of animal fat. 

The alcohols constitute another of these chain 
series. They are formed from the paraffins by 
taking off a hydrogen from one end and replacing 
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it by an oxygen and a hydrogen in combination. 
Thus :— 


H H 


| | 
H—C—C—0—H 
I 
нн 
is the ordinary alcohol, 
And so we may go on, 
number of Substances, 
СН,, with varying term 
or more hydro 


describing an immense 
all consisting of links of 
inations. Sometimes one 
gens are taken off the side of the 
chain and replaced by other atoms or atom groups; 
sometimes there are further complications. There 
is a fascination in the simplicity of the general 
Principleandin the wonderful variety and influence 
of detail. Why should different plants or different 
animals, or different Members of the same plant 
or animal, contain these carbon chains of different 
lengths, on which their own growth and properties 
and characteristics Breatly depend? Of course, 
the whole effect Tests, in the first place, on the 
Properties of the carbon atom, and it is that which 
gives a peculiar interest to the crystal forms of 
carbon, diamond and graphite, 

© may look again at the diamond model and 
ask ourselves whether we can see any skeletoD 


, 
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form of the chain, just as we saw the skeleton of 
the ring. The model (Plate XIV A) shows that 
it can be cut into chains of any length and of this 
form :— 


ES S n 


Fic. 50.—Chain from diamond. 


in which the angle that recurs at every bend can 
be calculated to be 109° 28. We might suppose 
this to be a simple form of the chain. We are 
only speculating, of course, trying to imagine 
possible solutions of our problems, which we may 
put to the test of experiment, and even when we 
seem to have asuccess, not counting too much upon 
it. If this were the chain, two hydrogens would 
naturally be attached to each carbon at points 
which, with the two points of attachment of its 
carbon neighbours, would make four points 
symmetrically arranged, like the four points at 
which each carbon atom is attached to its four 
neighbours in the diamond, аз in Plate XXI A. 
This picture goes more into details than the form of 
illustration generally employed by the chemist ; the 
latter is merely a representation on the flat, our 
hew figure is in three dimensions. And no doubt 


` 
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the true figure is in three dimensions. The 
chemist has not drawn it so hitherto, because he 
has had no direct evidence as to how he ought to 
do it. We are trying to go one stage further; 
With some hesitation, because we are not perfect 
in the interpretation of our new methods, though 
very hopeful as to their value to us in the end. 

In the last year or two we have been able to 


make accurate Measurements of the lengths of 
the chain molecules b 


discovery of the m 
accident. A certaj 
ation by X-rays, 
suffer rapid deter 


n crystal was under examin- 
and because jt was liable to 
Oration from the moisture of 


and is not suitable for 
It happened, however, that 
udent of organic chemistry, 
epared a great number of 


stances in a pure state, and these 
were fortunately available. Those and many 


Dr. Le Sueur, had pr 


. 
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шн have now been examined, with very 
eresting and, on the whole, simple results. 
princ particular method is a good example of 
i» nl in which the X-rays can be used. Alittle 
A e solid substance is put on a piece of glass 
2s Nae fiat : we will consider the significance 
2 e pressing in a moment. The substance is 
n › as it turns out, in layers parallel to the glass. 
* e molecules in each layer are 
E less perpendicular to it and lil 
are linked together side by side 
Suy may be represenced a и МЕ И 
ee which three layers are drawn. | | | 
NE is perhaps a fifty-mil- шш 
UM of an inch thick, and the Шат оа шке 
Г? E is proportional to the фай mh a 
sd of the molecule. When a 
M of X-rays is passed through such a sheet, 
la Posed of layers, a little is reflected by each 
"ra Just as would happen in the case of a beam 
pri ight passing though a pile of 
т of the experiment 
id E: ed on p. 140. Suppose Si гсе ‹ 
ud -rays, and P,P, is the glass plate with. its 
SC MES it. When the X-ray beam along 
T on the plate at the proper angle, the 
1ons from the different layers are all in step 


glass plates. The 
has already been 


s the source of 
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and the whole effect is strong. We may ar 
the reflected ray going off on the line CR, an 

making its mark at R, on the photographic plate 
DD. If the plate is then turned round about the 
vertical line through C—the figure shows the 
experiment in plan—reflection as a whole ceases, 
because the separate reflections from 
the various layers get out of step 
and destroy each other. But 
when the plate has been 
turned sufficiently, another 


Fic. 52.—The method of making the X-ray spectrum ofa 
hydrocarbon. The X-rays from X pass through a limit- 
ing slit at S, and if th i 


general reflection appears, because the reflec- 
tions from the different la 


yers have got into 
Step again. The first general reflection comes 
when the parti 


yers on either side of it; 
$ a difference of two wave- 
lengths, and so on. Consequently the photo- 
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graphic plate when it is developed shows a whole 
series of such general reflections. Usually - the 
plate is turned so as to throw reflections both 
above and below the line (Fig. 52). A central 
mark M is due to the direct action of the X-rays 
—this part of the plate is usually shielded, so that 
the direct action is not too strong—and all the 
different orders of reflection appear on either side. 
An actual example showing the reflection of a 
paraffin of 18 carbons is shown in Plate XXI B. 
It was obtained by Dr. М ег. It will be seen 
that the reflections are very well marked. It is 
possible to measure their distance apart with 
accuracy, and from this we calculate the thickness 
of one of the layers in the reflecting material. 
‚ We cannot be quite sure that the molecules stand 
upright and perpendicular to the, layer, but we 
have good grounds for supposing 50, which we need 
Not enter into here. We find that the length of 
the chain increases with perfect regularity as 
carbon links are added to it. We actually find 
that many of them have exactly the length we 
should expect if they were as represented in Fig. 50. 
The whole series of experiments of this kind 
bears out the idea that the chemist has formed as 
to the shape of these’ molecules : his representation 
has been wonderfully correct. The X-rays have 


196 'ТНЕ NATURE OF THINGS 


given precision to the idea, suggesting also that 
the molecule must be drawn in three dimensions, 
and at the same time measuring the length. I 
may add that the Sideways dimensions can be 
measured also, 

We may now go back to the curious point that 
we get much better X-ray reflections if the 
he glass plate. It seems 
rms flakes, and in each 
rpendicular to the flake. 


than one flake holds to an 
is affected by the ties at t 
and these are much we. 
same effect as we 
held together st 
on one another, 


other. This last linking 
he ends of the molecules, 
aker. It is exactly the 
found in graphite, where flakes . 
Tongly as flakes, but slid easily 
It is this that gives the greasy, 
th to the greases and fats and to 


the layers are made to lie regu- 
larly. When the material is melted and cooled 
again, the layers and though, no 
doubt, they are they lie irregularly ; 
the X- poor. We find the 
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same effect in the case of gold leaf, as we shall see 
in the next lecture. 

There is another curious property of the long- 
chain molecules which is worth our consideration. 
The paraffin chain has hydrogens at both ends. 
Each flake is one molecule thick. But in the case of 
the fatty acids (p. 188), the X-rays show that there 
are two molecules in the layer, end to end. This is, 
indeed, to be expected, because it is known that 
a carboxyl group has a tendency to join up with 
another of its own kind. Consequently the chains 
attach themselves together in pairs, forming a 
chain of double length, the ends of which are 
hydrogens; the two carboxyl groups are in the 
centre. This result is obtained from the X-ray 
Measurements. Here again the X-rays confirm 
a chemical conclusion and throw à fresh light 
upon it. | 

There is a type of crystal structure which, 
differing entirely from those that we have con- 
Sidered already, is of such great importance 
that we must not pass it Ьу. The crystals of 
Ordinary salt are good examples. 

Sometimes, as we have already seen, а molecule 
is formed from two atoms, of which one, being 
greedy for an additional electron, has satisfied 
itself at the expense of the other atom. The 

o Е 
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latter, before the transference, has N ë 
electron in a loose binding. For example, ch E | 
has seventeen electrons: two in an innermost s fs 
or coating, and eight in the next shell. In t 
outer shell there are seven, and the chlorine E 
exerts a great force, tending to complete the shell, 
which when full contains eight. It will then 
present the external appearance of argon. Sodium 
has eleven electrons normally : two in the inner 
most shell and eight in the next, but only one 
in the outer shell instead of the seven in chlor x 
The sodium atom has no tight hold on this od 
electron, so the chlorine takes it. The sodium 


atom then has the external appearance of a neon 
atom. (See Р. 76.) 


The two atoms ar 
the chlorine is negati 
charge over and abo 
sodium is positive, 
The governing pri 
crystal is the attem 
Satisfy as fully as 
of the positive sodi 
The system of р 


€ now charged electrically ; 
уе, because it has one negative 
ve its proper number, and the 
because it has one too few. 
nciple in the growth of the 
Pt on the part of the atoms to 
Possible the mutual attraction 
ums and the negative chlorines- 
acking which Nature adopts m 
that in which each chlorine is surrounded by siX 
sodiums and vice Versa. Itisshown in Plate OR. 
It is very simple—a cubic arrangement in whic 
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each of the lines of atoms that are parallel to 
the edges consists of sodium and chlorine atoms 
alternately, The white balls may represent 
chlorine and the black sodium, or vice versa. It is 
because of this arrangement that salt crystallises 
from brine in cubic form. The crystals are not 
necessarily cubes, but are rectangular blocks, all 
faces of which are of the same type. The 
frequent differences between their sizes and 
appearances are merely accidents of growth. 
Very many crystals are built on this principle : 
in particular all the salts of the metals, in which 
the metal has lost one or more electrons, and the 
remainder of the molecule, as a group, has gained 
them. The resulting structure is not always so 
simple as that of salt, because, for instance, the 
group may be more irregular in outline than the 
single chlorine. In calcite, the metal atom 
calcium loses two electrons to the group CO,, and 
the result is the rhomb of Iceland spar. It is 
still true that each metal atom is surrounded by 
six negatively charged bodies, and each of the 
latter by six metal atoms ; the crystal is no longer 
Tectangular, because the CO, group is not round. 


LECTURE VI 
THE NATURE OF CRYSTALS: METALS 


'ТнЕ use of metals has been 
factors in the devel 
the human race, 


one of the great 
opment of the activities of 
The beginning of the story is 
€ ages that we can only make 
guesses as to how men first made metal tools and 
Weapons. Perhaps Copper was picked up in its 
native state, and its weight suggested its useful- 
ness in a fight. Copper is too soft to take a 
it may not have been very 


und that there was an alloy 


of copper and tin which was far harder and more 
serviceable than со 


» Pethaps copper and tin occurred 
together in the same Mineral. And so the age 


of bronze set in. Iron came later, of course. 


this there have been workers 
nt members of the human 
€ have but to think of the magni- 


al industry in this country alone, 
200 


of metal: importa 
community, W 
tude of the met 
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to realise how great a part the metals play in the 
life of the world. 

In all these thousands of years a vast body of 
experience has been gained. Some of it is in 
books, some of it is still a tradition handed down 
by the skilled workman to the apprentice. There 
is even a sense of the nature, or condition, or 
Property of a metal which cannot be put into 
Words, and is only taught by example to such as 
have the power to understand. Nor is this any 
trifling matter: the whole movement of trade 
and the welfare of a nation may rest upon it. 

On the other hand, the properties of the metals 
Must depend, in the first place, on the properties 
of the individual atoms, and, in the second place, 
on the atomic arrangement, which is in effect 
the state of crystallisation. In the very centres 
of the metal industries it has been realised of 
Tecent years that the scientific observe 
Microscope can bring some system into t | 
disordered knowledge, and can improve the quality 
ofthe manufacture and the certainty of its produc- 
tion. Yet, as I have said already, the microscope 
San only go to a certain length : it stops far 
short of the point which we must reach if we are 
to understand how the atoms are acting so 48 to 
give the various materials their specific properties 


r with his 
he mass of 
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It can show the existence of the separate crystals in 
the metal, but not the arrangement of the atoms 
in the crystals (Plates XXII, XXIII). In the X- 
rays we find a new hope : indeed it is more than a 
hope. We may be sure that the intimate know- 
ledge which they give us will in the end throw a 
flood of light upon the inner meaning and purpose 
of all the complex Propertiesof metals. Tt may be 
a long time before the new movement will become 
Breat and obvious, 'The experience of thousands 
of years has to be caught up with and explained. 
Itis quite otherwise with such a subject as electrical 
engineering, or wireless telephony, which is a 
branch of it. Here the whole process is rooted 
i he physics laboratory, and develop- 
directed by knowledge and antici- 
pation. . The worker in metals has been guided 
through the ages by trial and error, by experiment 
with little knowledge to guide it. It is a very 
slow process; but it has been going on a long 
time, and its findings command respect. They 


d very carefully in the new light 
which the X-rays give us, 


Already we be 
call them, of so 
They depend 
уге might have 


gin to find explanations, as we may 
me of the Properties of the metals. 
upon the crystalline structure, as 
expected. Sometimes the crystals 
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are to be seen by the naked eye; sometimes 
they become obvious when the surface is properly 
prepared and placed under the microscope. 
But the easiest and most complete way of 
discovering them is by means of the X-rays, with 
their fineness of vision. 

The structures of almost all the metal crystals 
have been determin- 
ed by the X-rays, 
and it appears that 
they are usually very 
simple. For instance, 
the atoms of gold, 
silver, copper and 
aluminium are put 
together like the piles 


; Е ment of 
Of round shot that Fo. 53A Page layer 


used to stand beside 
the guns of a hundred years ago. +! 
while to look a little carefully into this arrange- 


It is worth 


ment, although we are really repeating the com- 
Parison (p. 176) between the structures of ice 
and diamond: Suppose we put together a 
number of balls into the triangular arrange- 
Ment of Fig. 53, and surround them pA uU 
angular guard, as shown, just as bale s p 

together for playing snooker on the billiard table. 
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We lay on these another layer, forming a b 
a little smaller than the first, and again ot A 
layers until the triangular pyramid is ane 
(Plate XXIV В). Obviously there can be no rea 
method of packing round balls together. Now 1 
we look into the arrangement of the layers one 
above another, we find that the balls in any layer 
are exactly over the balls in the next layer but 
two. In the absence of a model this effect may 


be realised by the help of Fig. 54. The crosses 
Tepresent the centres of the balls 


in a certain layer, 
the circles the centres in the n 


ext layer, and the 
black spots the centres in the third. The gr. 
in the fourth will be Over the crosses, in the fift 


over the circles, and in the sixth over the spots, 
and so on. 


When balls are arranged in this way, it is possible 


tocut cubes out of the assembly, as in Plate XXV A. 
It is always a surprise when this fact is first realised; 
but it is well to understand the cause of it, because 
so many crystals are made up of atoms piled 
together in this way, and they so often grow as 
cubes or in some way show their close connection 
with the cubic form. 

Now if, when we have laid down two layers 
and come to the arrangement of the third, We 


place it so that each ball is exactly over a ball in 


х 
х 


@ 
@ о x 
O 


О 
O 
O 


O O O 


by an observer 


Fic, 
log, 54.—1In 
00) A is shown the arrangement of the layers as seen 
mate XXV A. The black spot represents the 
e next layer, ani 


kin, 
ball at along a diagonal of the cube of ; 
oie, Crosses the а ренда cube of present the six balls in th 
CPU looking do: п in the next layer. In B the arrangement as seen by an 
rhe үре balis in (ue on Plate XXV B from above. The nineteen black spots repre- 
is жерш layer is пор layer, and the twelve small circles the jn the next layer. 
er every second. the first, the fourth like the se . The repetition 
nd layer: in A it is after every 
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they first layer, which arrangement is the M 
alternative to the one we chose before, we A 
another way of packing the balls which is as Ve 
pact as the other, In this case, the balls in P. 
layer are exactly over the balls in the next layer т 
one, and Fig. 54, А, will be replaced by Fig: 54, of 
and the arrangement of Plate XXV A by that a 
XXV B. This arrangement will not stand up wi 
without containing walls, if we are to have a reaso i 
able number of balls in the model; we must P 
them together in some way. When we look do ae 
on this model from above, we see six-sided id] 
running through it, and we do not see any nu) 
ment of this kind When we look in any ot һе 
direction. 'The model has a single axis in b 
vertical direction, and round that axis the M 
ment is such that 4 crystal built on this plan wo 
naturally form hexagonal columns. afi 

In the case of the cube there are four e 
thinking of the arrangement of the layers; t the 
is a layer perpendicular to each diagonal of x 
cube, and as a cube has four diagonals, there de 
four sets of layers. This does not mean that A 
atoms in any one layer are specially tied tors ne 
in that layer; merely that one can sort out 


° ur 
atoms of the Crystal into this kind of layer in fo 
different Ways. 
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Now it turns out that these layers are of very 
great importance in respect to the properties of 
the metal crystals built on the close-packed cubic 
plan. Gold, silver, copper, aluminium and other 
metals like them can be drawn into wires, rolled 
into sheets, and beaten into various shapes. They 
are, as we say, both ductile and malleable; two of 
the many characteristics that make them so useful. 
They can be bent and pulled into all sorts of ' 
convenient forms. It seems possible to make 
a metal flow like treacle. Gold can be hammered 
into leaves so thin that the metal in a sovereign 
will cover a large field; the others can be beaten 
nearly as thin. Cups and vessels of all sorts, 
chains and ornaments, and innumerable useful 
things are made by taking advantage of these two 
singular and important properties. The first thing 
that we should like the X-rays to explain for us 
more clearly, if we can make them do so, is that 
feature in their structure which accounts for this 
most valuable property. We should also like to 
understand the inner meaning of the hardening 
and other changes that are due to “ cold-working,” 
as it is called—that is to say, to hammering or 
straining the metal when it is cold. And what is 
annealing, the softening and relief from strain that 
heat brings about ? Why are all these things so 
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obvious in the case of a metal, while they do not 
appear in, for instance, diamond or rock salt or 
quartz ? L 

Already we begin to see some little way into 
these difficult questions; and in particular we 
have found out Something about the way in 
which the metal yields to a pull or any other 
strain, and have learnt that it has to do with the 
layers of which I have spoken. 


A metal is rarely one whole crystal: it is In 


general an assemblage of crystals, pointing in all 
directions, Sometimes these crystals can be seen 
easily; sometimes the microscope is required to 
show them. Very often they are too small even 
for the microscope, and the X-rays alone can make 
them clear. 

If we puta number ofshotona tray and let them 
all run together into a single layer by tilting the tray 
slightly (Plate XXIV A), we observe that there HE 
tendency for the shot to arrange themselves like 
the balls in Е 18.53. Tt will not often happen that 
all the shot will form оле arrangement : there will 
be groups, each Properly arranged in itself, but 
not correctly aligned with its neighbours. In 
just the same way there will be local arrangements 
among the atoms of a metal—in other words 
there will be crystallisation in groups, larger es 
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smaller, the connection between the groups 
being somewhat irregular. We may observe at 
once that the connection between group and group 
is not necessarily any weaker than the connection 
between the atoms in any one group. Why 
this is so, it is difficult to say. We need not be 
surprised at it, because the ties between atoms are 
complicated things, imperfectly known to us, and 
We cannot predict accurately what will happen 
in every case. It is said that when gold is at a 
high temperature a fracture goes round the 
crystals, but when the gold is cold it cuts 
through them; and this will illustrate the 
complexity of the effect. 

A block of one of these metals may reasonably 
be expected, therefore, to consist of a mass of 
crystals, large and small; and this is exactly what 
the X-rays show to be the case, even when the 
microscope fails because the crystals are too small 
for it to see. 

Now when we take a single crystal and try to 
bend it or distort it, we find always that it gives 
finally through a slip along а plane: all that is 
on one side of the plane slipping with respect to 
all that is on the other. These planes are the 
planes we spoke of before—those that contain 
atoms arranged as in Fig. 53. A single metal 
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crystal does not give way exactly in the direction 
in which itis pulled. If we had two blocks of 
glass, let us say, held tos 
(a) (b) in Fig. 
gether by grease as 
55, and pulled them, they 
would give along the plane 
between them. Naturally 
they will slide over each 
other on this plane 
rather than themselves be 
torn to pieces. In the 
case of a metal there 18 
шыны jaa ll! ду not merely one plane, but 
ЫЕ in relative position trom (jj. Many planes, and many 


them will be planes ту 


in the direction of the arrows 

would yield as in Fig. 56 (0) 

22 / Often when a single medii: 

22 p crystal has been stretches 

we can see the marks on ү 

@) (b) Surface which show the x £ 
eS ahh feue repe. 21008 which slip has ta 


the sli H 
Барнета motero! place and 
Ge ES Professor Carpenter 
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Miss Elam have shown recently some beautiful 
examples of this kind of effect in the case of large 
crystals of aluminium. An ordinary piece of the 
metal consists of a multitude of crystals pointing 
in all ways, as we have already understood to be 
the case. By a somewhat complicated process of 
heating and stretching, the many small crystals can 
all be made to line up and form a small number of 
large crystals, just .as we might imagine that by 
shaking or tapping the tray of shot shown in 
Plate XXIV A in some way, to be found out by 
experience, we could get all the minor regular 
Broupings merged into one large one. 

The pieces chosen for experiment were of a form 
Often used for pieces to be tested for their resist- 
ance to pull; the form is shown in Plate XXVI ; 
the original length of each piece is 8 inches. The 
broad ends are intended to be gripped by the jaws 
of the machine that is to stretch the piece; the 
narrower part is that which is to give way, and to 
show by the way in which it does so, and the pull 
that is exerted, the capacity of the metal to resist 
the forces that would strain it. 

When one of the test pieces so treated is put 
into the testing machine and pulled, it gives way 
in a curious fashion, which differs for different 
specimens (Plate XXVI, 1 to 4). Sometimes the 
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width of the piece remains the same, and it thins 
out gradually as the test piece lengthens under the 
pull: it may grow longer by several inches before 
it gives way, Sometimes the thickness remains 
the same, and the Piece shrinks sideways, develop- 
ing a waist which finally is the place of breaking. 
At other times, again, there are more curious 
changes still, These pieces have been s 
by the X-rays, and it turns out that the nature О 

the yield depends entirely on the way in which the 
large crystals are Set towards the line of pull. 
The metal gives way along the plane of slip. If, 
for example, the crystal is so set—and there is no 


telling during the heat and strain treatment how 
the forming c 


which we ha 


* direction in which the crystal 


gives way depends on а more complicated use 


of two sets of s 


set of atoms o 


be. helped by a force tending to pull one layer 
away from the Other. If we had a solid body 
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made up of a row of balls like the top layer in 
Fig. 57, and it rested on a similar row like the 
bottom layer, it might be easier to drag the top 
layer over the bottom if the line of pull were 
along P rather than along О. Since (see Fig. 55) 
the pull always tends to bring the plane of slip 


2а 
HES 


be more easily pulled тоц from 


Fic. 57.—The top layer, as a unit, might 
position А, through В, M C, if the pull were along P than if it were along Q. 


1 


more nearly into its own line, there arises a sort 
of see-saw action: the crystal slips along one set 
of planes until the set comes too nearly into line 
with the pull, and then along another. In the 
*nd the line of pull bisects the angle between the 
two sets, The balance is often shown in the shape 
of the broken ends ; in Plate XXVI, 3, for example, 
P 
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there is a kind of knife-edge at the point of rupture. 
The two sides of the edge are parallel to two 
different sets of slip planes, and are equally in- 
clined to the line of the pull which finally tore the 
metal in two. 

In the case of the aluminium, the yield is 50 
easy that a sheet of some thickness, when composed 
of a single crystal, can be bent quite easily by 
one’s fingers. An ordinary piece of aluminium 
sheet is quite stiff, however, and the explanation 
of the difference 18 that, when there are crystals 
pointing in all directions, there are some ready to 
take and bear the strain, no matter from what 
direction it comes. The strength of a chain 135 
that of its weakest link, and the weak part pee 
crystal is its slip plane. This is a point of extra- 
ordinary importance in the manufacture of metal, 
though it is often linked up with so many others 
that its special effect is difficult to sort out from 
the rest. Many factors go to the design of steel, 
let us say, for some given purpose ; but one of them 
18 certainly the degree of fineness of the cryst@ 
gtains of which it is composed. Fineness an 
uniformity of size both contribute to the toughness 
of steel and its quality generally. 

When the single crystal of aluminium gives wee 
along a layer, we may suppose there is a momen 
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when the one set of atoms is riding over the other, 
followed by a drop into place again: A goes 
through B into C (Fig. 57). When the latter case is 
reached, the close-packed arrangement is resumed. 
The metal is still a crystal. Now, as we know, the 
regular crystalline arrangement is the natural one, 
and so the substance slips easily from one natural: 
arrangement to another, adjusting itself to the 
pull or other strain by doing so. No doubt this 
is one of the causes, and a very important cause, 
of ductility. 
But why does the metal often become harder 
when it is beaten ? And what happens to it when 
it is annealed? Perhaps we are guided towards 
an answer by considering what happens to gold 
when it is beaten into leaf and subsequently 
heated. Gold leaf is very thin, aš W€ have seen. 
It is even transparent, but it absorbs part of the 
spectrum of light that passes through it, allowing 
a greenish light to filter through. It 18 yellow 
when viewed by reflected light, as we know. [Itis 
very curious that when it has been heated to а 
dull red heat it becomes permanently transparent, 
and white by reflected light. Faraday was Very 
interested in this fact; he suggested as a partial 
explanation that the thin layer of gold broke up, 
the metal gathering itself together in little heaps, 
P2 
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and that the light went through the holes that 
were left. Sir George Beilby has made many 
experiments, and added considerably to the 
information we have in regard to the behaviour 
of this and other substances when heated in the 
same way.’ If there are holes in the heated leaf, 
they are exceedingly small, he says, beyond the 
power of the Microscope to see. Now the X-rays 
have something to Say on this point. When gold 
leaf is examined by their aid, it is found that it 
consists of masses of cubic crystals of gold all 
lying with faces parallel to the leaf. They аы 
not necessarily cubes, of course. They consist, 
like ordinary salt, which is cubic, of rectangular 
blocks of all sizes. They must be exceedingly 
thin blocks, and no doubt their thickness is far 
less than their width or length. When the leaf 
has been heated, the blocks are piled up anyhow: 
perhaps gathered together to some extent 1P 
heaps, as Faraday supposed, even if they are to? 
small to be seen by the microscope; and perhaP? 
this is the reason why gold and silver leaf become 
transparent when heated. Why gold should be 
Breen when looked through isa mystery. But T 
do see that the beating of the gold has spread 2 

the crystal blocks so that they all lie with one face 
in the leaf surface, and that heat has destroy“ 


| 
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this amount of regularity of arrangement. When 
the heated gold leaf is pressed with a body having 
a smooth, hard surface, such as an agate, it goes 
back to the other condition : as we might expect, 
since the pressure would force the blocks once more 
into the flat. In both cases the metal is crystal- 
line, but there is more arrangement in the usual 
than in the annealed form of the gold leaf. The 
same effect is found with silver. To show it in 
the case of copper it would be necessary to carry 
out the experiment under such circumstances that 
the air could not act on the metal. When copper 
is heated in the open, a film of copper oxide 
quickly forms all over it, an action which also can 
be followed by the X-rays. We often see this 
tarnish form slowly on copper even when no heat 
is applied. But it is easy to show by X-rays that 
in copper foil there is the same arrangement of 
the crystal block as in the case of the gold leaf. 
On the other hand, a block of ordinary copper 
shows no such arrangement; the crystals are 
arranged anyhow. . 
The hardening of these metals by cold working 
is, therefore, due Ап some way to the fact that 
they are put into a state of strain by the rearrange- 
ment of the crystals which the X-rays show ; 
annealing is the release of this strain and the 
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destruction of the arrangement. As to why this 
is so, we are still very ignorant; we can simply 
be satisfied that we have made one step forward. 

It is worth noting that, in general when à 
metal has been thrown into а state of strain ID 
this way, it is more readily subject to the action 
of chemicals, as we might expect. It is not 50 
well settled into what we may call a comfortable 
condition, 

We ought now to go on to the consideration of 
other peculiarities possessed by metals, since Wf 
Шау expect them all to be due to more or less 
the same causes and we must study them 2 
together. Two of their most remarkable 
Properties lie in their powers of conducting heat 
and electricity. We all know how quickly heat 
spreads through a metal : we might be incline 
to say that a metal could be identified by 1% 
Possession of that Property. We all know, {09 

Ow metals, especially copper, are used as COP 
ductors of electric current. 

Going back to our first consideration of the 
nature of the atoms, and of the differences betwee? 
the various atoms, we find at once a feature whic š 
Оп the whole seems capable of giving us a o 
factory explanation of their conducting ро ү 
no doubt, too, it has much to do with their crys 
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line structure and their ductility. The atoms 
of the metals always have one or more electrons, 
which are lightly held. For instance, sodium has 
eleven electrons; two of these are very close to 
the nucleus, eight more form a very strongly 
held system round the first two. The odd 
electron belongs to an outer system altogether, 
which becomes filled up as we go from sodium 
to magnesium with two in the outermost system, 
aluminium with three, and so on. This odd 
electron is not held tightly. When it is stripped 
off for any reason, the atom is outwardly reduced 
to the form of the unsociable atom “ neon,” 
except that as a whole it carries a positive electric 
` charge due to the want of balance on loss of an 
electron. An aluminium crystal is an assemblage 
of spheres like neon, all in close packing, as 
explained, and all the odd electrons are more or 
less free to move about in the structure. It must 
be said, however, that this picture is doubtless 
much too crude to be the whole truth ; there must 
be much more in the design of which as yet we 
know nothing. Yet it must be right to a certain 
extent. We see at once why metals are conductors 
of electricity: it is because the electrons, the 
fundamental charges of negative electricity, can 
Move about so easily. When 4 current of 
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electricity runs along a ‘metal wire, it is the 
electrons that make the flowing stream. It 15 
curious that they must move, being negatively 
charged, in the Opposite direction to that in which 
the so-called current of electricity is always 
imagined to flow. It was always a matter of 
words, this talk of a flowing current of electricity. 
It is quite a new discovery that anything moves at 
all, and we need not be surprised that the real 


direction of flow is Opposite to that which had 
been supposed. 


s free to move. 
es a leather belt 


quickly to and fro, and may break 
away into the Open, 


continuous Stream fr 
“ valve ? of wireless te], 


Electrons are pouring in à 
9m the hot wire in the 
ephony, and the outpouring 
lon of the valve. 
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that the electrons will have more difficulty in 
threading their way among the atoms of the metal 
if through heat the latter are moving to and fro 
and getting in their road. It is much more 
difficult to explain the strange fact, discovered at 
Leiden by Kamerlingh Onnes, that some sub- 
Stances when their temperature has been lowered 
to a certain very low point—a point which differs 
for different metals—offer no resistance at all 
to the movement of the electrons, so that a current 
once started will keep on running for days before 
it finally fades away, the metal being kept co” 
tinuously at this extremely low temperature. 
The electrons must to some extent contribute 
to the capacity of a metal for conveying heat as 
well as electricity, because the electrons at the hot 
end of a metal bar must pass on some of their 
excessive energy to the electrons at the cold end: 
Thus the presence of е 
able to move with some freedom amon 
Of the structure, gives a very good reason why the 
metal conducts both heat and electricity. 
Course it is only a rough picture that we have 
drawn; many details require to be filled in, and 
no doubt many really important facts have been 
left out altogether because of our ignorance: , 
Let us turn back to the question of the ductility 
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of metals, and consider whether the presence of 
the electrons helps us here also. We now see 
our atoms as spheres, all of them charged with 
positive electricity and packed closely; and we 
may perhaps be right in thinking that the electrons 
hold them together like д cement. But the most 
important point is that the atoms are not tied 
together by sharing electrons. as in the diamond : 
they must rather гере] each other than otherwise, 
being all charged with Positive electricity. They 
are free to roll or slide over each other, because 
they are not attached to each other at definite 
points, as often Occurs in other crystals. These 
things seem helpful when we consider the slipping 
of one plane over another, 


So far we have been considering the crystalline 
structure and 


in the pure state, 


some special purpose 
forthcoming Which sati 


„which does not corrode and 
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less completely. We must try to sce some reason 
for these things, if we can, in what we have 
recently discovered. Of course, we know so 
little as yet, and there is so much to explain, that 
in a few years’ time we may think very little of 
our present attempts, but we must make a 
beginning. 

It very often happens that t 
metal of quite a small quantity of a second metal, 
or even a non-metal, causes a notable improve- 
ment in hardness. Pure metals are generally 
very soft, because their slip planes are so ready to 
give. The first of all the great alloys was bronze, 
a mixture of copper and tin, which is far harder 
than either metal alone. The mixture of copper 
and zinc produces the serviceable brass, of which 
there are varying qualities, depending on the 
proportions of the mixture. Steel is formed by 
the addition of a small percentage of carbon to 
pure iron. There are alloys of copper and 
aluminium, which are very tough and do not 
corrode, but are difficult to work in the shaping 
machine. There is an alloy of copper and nickel, 
is easily moulded ; 
it is used for the coverings of bullets. German 
ductile alloy, non-corroding, 
nufacture of such articles 


he addition to a 


silver is a white, 
which is used in the ma 
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as spoons and forks, which are afterwards coated 
with silver in the process known as electroplating. 
An alloy of nickel with chromium stands very 
great heat, and is used for the wiring of electric 
furnaces. Chromium, Cobalt and tungsten com- 
bined in definite Proportions make stellite, an 
extraordinarily hard, Non-corroding substance; 
some of the standard weights at the National 
Physical Laboratory are being made of it. There 
are alloys for the making of bells, very soft alloys 
for type metal, and a great variety of solders. 
There is the aluminium bronze, which is used 
for cheap jewellery and consists of aluminium 
with a small Percentage of copper. And so on 
to a long list, if it Were necessary to make опе. 
Let us take Опе of the simpler cases—for 
example, that in Which the addition of a small 
ini to copper produces an 
The X-rays show that the 


increase in hardness, 


of a copper atom. Now the 
Crystal lies, as we have seen, 
ne part slides on another part 
along a certain Plane, This plane is now no 
longer even: there is a Scattering of aluminium 
atoms in it, and we can readily suppose that thé 
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slipping has become more difficult, and that we 
have here the cause of hardening. There is a 
remarkable effect which makes us think we are 
right in supposing so. The atoms of aluminium 
must strain the structure of the copper crystal, 
because the copper will not take up more than a 
certain number. If an alloy is made containing 
more than about Io per cent. of aluminium, the 
X-rays tell us that the copper crystals are broken 
up altogether, and a new structure is formed. 
The aluminium atoms must be distorting the 
copper crystal, and this fits in very well with the 
fact that it hardens the copper. On the other 
hand, when nickel is added to copper the atoms 
of the former replace the atoms of the latter to 
any extent: evidently they can slip into the 
places of the copper atoms with little straining 


of the crystals. In this case the hardening is 


comparatively small, which is just what we should 
ush in atoms which 


expect. It is only when we P 
really strain the copper crystal and make its 
planes uneven that the hardening is brought 


about. We have jammed the sliding planes. 


* The Inner Structure of Alloys," Institute of 


1 Rosenhain, 
Metals, May 2, 1923- 

? Jette, Phragmen and 
March 1921. 


Westgren, Institute of Metals, 
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In the case of steel the action is of the same kind, 
but here the carbon atoms that are the cause of 
the hardening do not replace the iron atoms, but 
are forced into the empty spaces between them. 
We can easily see that this may distort the iron 
crystal, and as before prevent the movement along 
a plane of slip. Once again there is a limit to the 
amount of the alloying substance: only a small 
percentage of carbon can be introduced into the 
iron without breaking up its ordinary simple 
structure, 

The problems of iron and steel contain, however, 
many more complications than this. We have 
only to ask what happens when more carbon is 
put in than the iron structure can carry, and we 
find we have a new problem. Amongst other 
things, a new crystal appears, formed of molecules, 
each containing three atoms of iron and one of 
carbon; it is known as cementite. The new 
crystals are very hard and unyielding, and in form 
are like needles (Plate XXVIID. Their presence 
hardens the iron very greatly and makes it difficult 
to work. A beautiful example of its effect on steel 
is to be found in the old swords that once made 
their way from India through Damascus into 
Europe. Damascus steel was greatly valued for 
the excellence of its qualities, Fine specimens 
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are to be seen in the Wallace Collection ; they show 
the characteristic wavy pattern (Plate XXVII) 
which has always been looked on as evidence of 
genuinenes. When examined under the micro- 
scope the lines of the pattern are scen to consist 
of multitudes of dots, forming a sort of milky 
way in the steel. These dots are the tiny crystals 
of cementite. As Colonel Belaiew tells us, the 
$teel when it was first made was most difficult to 
work. 'The smith, with his little furnace, would 
heat the steel red-hot, but after he had struck 
but a few blows and made a slight impression on 
the steel, the momentary softening hadgone. The 
hardness due to the cementite crystals had only 
been removed foran instant. More heating, a few 
more blows and slowly the steel became less rigid. 
In fact, the cementite crystals were changing their 
form. They were becoming less like needles, 
gathering themselves together into more rounded 
shapes, and as they did so the steel became more 
pliable (Plate XXIX A). At last the fine Damascus 
steel was reached, so strong and yet so elastic. 
It is very likely that much of the keen edge that, 
these swords would take was due to the presence 
of the very hard particles embodied and held 
in the softer iron. The edge would be like a 
saw with extremely fine teeth. In the trial of 
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skill between Saladin and King Richard which 
Walter Scott describes in “ The Talisman,” the 
former threw a gossamer veil into the air and 
severed it by drawing his scimitar across it, 4 
fine test of keenness and of skill. Richard, on 
the other hand, used his sword like an. axe, and 
clove in two an iron bar, the mace of one of his 
knights.. This also was a test requiring great 
qualities in the steel, but on the part of the man 
the skill lay more in the power to strike a terrific 
blow than in delicacy of touch. 

Grinding, sharpening and polishing are really 
very interesting operations. When we put 2 
knife on the grindstone we let the hard crystals 
in the stone cut minute furrows in the steel, 
actually removing the material. This is one stage 
of the sharpening process. But the polishing 
on the oil-stone or the strop is a different thing 
altogether. Here we actualy make the steel 10 
flow, smoothing down the furrow; sometime 
as Sir George Beilby has shown, actually drawing 
a skin of metal over the deeper hollows. Th . 
metal seems to remain crystalline all the time; 
the X-rays show readily the crystals in a razor 
blade. Probably the action is the same as that 
which took place in the gold leaves when they 
were heated. The oil that we use helps in de 
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smoothing process. ‘The metal is strained by the 
flow; in time the strain tends to come undone, 
and heat especially can take away the keenness 
of the edge (Plates XXIX B, XXX, XXXI). 

An alloy is generally a much worse conductor of 
electricity than a pure metal. It may well be 
that when the stranger atoms are forced into the 
structure of the pure metal, and the planes of 
atoms are made uneven, the electrons are more 
hampered in their passage through the metal. 
More energy is required to force them along, and 
the metal becomes hotter through the passage 
of the current than if it were pure. In the case 
of a pure metal, as I have already said, the resist- 
ance to the movement of the electrons becomes 
greater if the temperature is raised. We can 
imagine that the electrons find it harder to get 
past the atoms when the latter are more active ; 
heat makes them move to and fro more quickly 
about their proper positions. But heat does 
not make so much difference in the case of alloys, 
because the passage of the electrons is already so 
dificult that heat does not make much change. 
We can show this by a simple experiment :— x 

A battery sends a current round a circuit which 
has two branches аз in the figure (Plate XXXII A). 
One of them contains a coil of copper wire M, and a 
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lamp L, the other a coil of an alloy such as German 
silver, for example, and a lamp L, The coils are 
so adjusted in respect to the resistance which they 
offer to the passage of the electric current through 
them that the lamps both burn. dimly. A vessel 
containing liquid air is brought up so as to include 
the coil M, and the lamp L, at once burns brightly. 
The cooling of the copper wire has lowered its 
resistance to the passage of electrons, and more 
current flows through the lamp. But when the 
alloy is, in its turn, immersed in liquid air, nO 
change is made. 

Sometimes metals crystallise in more than 006 
way. Iron furnishes one of the simplest and most 
striking examples. At ordinary temperatures the 
iron atoms are arranged so that each atom bas 
eight neighbours. The latter are at the corner 
of a tiny cube, of which the former atom occup16 
the centre. This is not the closest form of pack- 
ing, as will readily be found on trial. The packing 
of the pile of shot of which I spoke before gives 


the closest packing, and in that each shot ha 


twelve neighbours, six touching, it round ап 
equator, and three more round a line of latitude 
in each hemisphere : Or, as we may put it, 5х 
in its own layer and three in each of the eui 
layers. [t is the packing of gold, silver, COP. pe 
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and aluminium. It is very curious that when 
iron is heated to a cherry red the atoms change 
their arrangement and pack in the tightest form, 
that of the pile of shot. The effect is easiest to 
see when an iron wire is heated beyond this 
point and allowed to cool. When it comes to the 
critical temperature, the atoms suddenly adopt 
the looser packing and the wire stretches a little : 
the increase of length is easily observed by the 
use of some magnifying device. It is very curious, 
too, that when the old form changes to the new, 
some energy is set free and the iron suddenly 
brightens up again. 'The stretching and brightening 
have long been matters of observation, but it is 
only quite recently that we have discovered that 
the packing of the atoms into two different 
crystalline forms is at the bottom of what we have 
seen (Plate XXXII B). 

These very few instances of the relation between 
the properties of a metal and its crystal structure 
are drawn from an immense subject, most of it 
still waiting exploration with our new helpers, 
the X-rays. We cannot say beforehand what 
will be found out. Weican be very Sure however, 
that the better we understand our materials the 
better use we can make of them. 


МОТЕ 


Arter trials of many ways of making modes of 
atomic structure and of many substances I fin 
that two have real merits :— of 

Balls representing the atoms may be made er 
hard dentists! wax, which softens in boiling Ms 
and can then be pressed into proper shape Ме 
metal moulds made for the purpose, just $ s: 
used to remake our golf-balls in the old T 
The spherical mould is made in two halves; xn 
it is convenient to mount them in the lathe, pi 
on the head and one on the back centre. Sm r 
balls harden at once, and can be made very quic. u 
larger balls must be left a little while in the Fraa 
The hard wax can be drilled without Re ain 
softened and deformed by the heat generate ery 
drilling. The models made of the wax A nay 
finished in appearance, and will stand all ordin 
temperatures. The wax is rather costly. ore 

Wooden balls can be obtained much from 
cheaply than wax. I have bought them City 
Messrs. Maximé, Ltd., 6 Featherstone St», d in 
Road, E.C. 2, They can only be Sgt im 
certain sizes, but these are reasonably oN the 
moreover, they are not so truly spherical netic 
wax balls. But they are good enough for рга 
Purposes. i rs * 

Gramophone needles made good con er d e 
the balls, wax or wood, being drilled to Es in 
them. The holes should be drilled true 4 ances 
correct position. Convenient little contriY e 


Can be made to be used for this purpose on 
lathe. 
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A. Bar magnets on spiral springs. 


B. Models of atoms with electrons. 


PLATE V. 


A. Floating magnets. 
s is small, they form into а single ring, but when the 


When the number of floating magn 
1, they form concentric rings. 


number is increase 


ye contaming emanation 
inm Atom? (John Murray), by the 
I publisher.) 


B. Crystals in tul 


ation of the 
author am 


(From Prof, F. Soddy^s “Im 


PLATE VI. 


B. Fog 


£ apparatus 


long glass tube is 


The fullof fog 


PLATE УП. 


PLATE VIIL, 


Г. пагар haure collapses when connected to the vacuum pump: 


I he water in the tin Was boiling бй 


stop Cac ka lose] When cold 


phe 
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Iv when the Bonsen burner was ri sad 

Water wies penired over it, it collapse 
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Her in the experimental tank of the Parsons 
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begin at the screw. 
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Photograph of the cavitations formed by a prope 
Her is the ‹ 


Marine S ies 
chistes Steam Turbine Co. The prope ; 
the graph. There аге three blades on it, and each is leaving 

water which goes past the blade. We can see where the spirals 
| Reproduced by courtesy of the Manganese Bronze an 
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А. A large drop of liquid orthotolnidi 
B. 0 ubble rests inside 
do not coalesce 


ine floating in water on a laver of brine 
another, but as in Fig 
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21 and for the same reason tli 
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A. Circles cleared by minute drops of oil. 


ka E 

" B. The camphor boat. 
geet piece of camphor is fastened at the stern of a very light boa 
поа the water the solution forms s Kim on the surface. lt is e ger to 
ой the э it drives the boat away so as to make room for itself. Ifa little oil is put 
the Я amd makes а film all over it, the 1 ops. Lf the oil partly covers 
picture e the boat stops as soon as the ruler w ator in the 
s pushed so far forward that the oil cove! 


is held by the oper: 
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PLATE XIV 


A. Diamond model. 


The model shows only the arrangement, and savs nothing about 
the size or shape of the carbon atom, 


B. Wall-paper. 


tlined in two Ways: (a) by thick lines, 
ella 


PLATE XV. 


[By courtesy of Joseph Asscher & Cie, 
A. The Cullinan diamond split into three pieces. 
It was originally as large as а sinall fist. 


[By courtesy of Joseph Asscher & Cte, 


B. The table and tools used for splitting the diamond. 
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(a) and (c) are sim 


two right angles in 
the figure. 


The layers of the graphite crystal. 


ilar in all respec ts, but (b) is like (а) when turn 


round through 
V its own plane about y such vertical 1 


as is drawn in 


в. 


Possible forms of the benzene ring (see p. 152) 


No hydrogens are shown. 


PLATE XVIL 


Hy courtesy of the Chief of the U.S.A. Weather Bureau. 


Snow crystals of various forms. 


From Monthly Weather Kerieu U.S.A.) 
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А. Snow eryst om the Monthly Weather Bureau, U.S.A.) 
Н. Ive flowers growing on the ive floes. C. Bundle irregular prisms. 
(From “ The British Antaretic Expedition, roro 1913.7) 
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„showing the groi 


It shows that 


PLATE ХХІ. 


atoms, The 


A. Model of a hydrocarbon chain, pentane, containing five carbon 
atoms, the smaller hydrogens 


hydrocarbon containing 1 


8 carbons obtained by 


B. An 3 
the method shown in Fig. 52. г.) 

"Г model shows the arrangement of the sodium and chlorine atoms in rock-salt : 
thé dark halls represent sodium, the white chlorine гүге versa. Only arrangement 
is shown: there is no attempt to show the size or Shape of the atom. 


PLATE XXII. 


Iwo photographs of aluminium : the surface has been prepared so as to show the different 
crystals. The crystals scatter the incide ht differently because they are set in different 
ways, and the surfaces exposed by tr it are therefore different in nature, In one figure 
the scale has heen reduced somewhat from the natural size, in the other considerably enlarged- 


{оге the Institute of Metals, Sept. 1920.) 


(From a paper by Carpenter and Elam, read 1 
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niversity of London Press, Ltd. 

e of the crystal grains in а sample of steel, and, in 
s " Widmanstatten ?" Th 

* atom layers," 


lese 
in much the 


Ihe photograph shows the irreg 

адап, а с ing of lines 

ast are due tc act that the 

same way as polishing cuts across f mother of pearl. Р 
(From Belaiew's " Crystallisation of Metals.) 


PLATE XXIV. 


А. Small groups of shot are in close packing edt 
юар. j ot are in close packing, and there are irregular gaps betwee 
B. А pyramid, built by the super-position of layers like that of бэле 


PLATE XXV. 


A. Cubic packing. B. Hexagonal packing 


(From Pope's “ Modern Aspects of the Molecular Theory.’ ) 


A how ba form a cube. It is exactly the same 
packing as in Plate XXIV f Fig. 53 are horizontal in 
Plate XXIV B, and in A they are per ial of the cube. 


B shows the other form of close packing. Each horizontal laver is a c lose-packed 
laver of Fig. 53 


PLATE XXVI. 


1 Society. M 
‚хау being а 
disposed 


These: phe г Carpenter and Miss Elam (Proceedings of the Koy 


тоо, р. 346 f aluminium under strain, the part finally givi 
single large crystal in the narrower portion of the test piece. In (1) and (2) theslip planes a "ally 
to the туег like the layers of Fig. 56. The test piere has contracted sideways, and ® j 
developed a wa as the picture shows. There is no thinning from back to front. In (3) SH has 
the revers aken place before the break : the width has remained the same, but the materia 
grown thinner (this cannot be seen in the photograph) 
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Hy courtesy of the University of London Press, Lid. 


Damascus blades. 


(From Belaiew's “ Crystallisation of Metals.") 
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A. Section magnified а thousand times and showing the cementite 


process of being broken up and rounded ott. 

(From Belaiew's °’ € rvstallisation of Metals.) 

B. The dark band is a scratch made by a very fine needle in a polished piece of 
speculum (mirror) metal, highly masnited, The tine vertical seratches are made 
by emery powder in polishing. des have been torn up and de- 
posited in the trough made by the n 

(From Beilby's ne Aggregation am 
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PLATE XXX. 


In A a piece of speculum metal, after being rubbed with fine emery, has — 
polished with rouged leather, The metal has been dragged over the emery scratches 
there is a reminiscence of butter spread on bread. In B the polishing with ky a 
has been carried further: the emery scratches have disappeared, but the outline: 
of the grains in the metal begin to appear. f 
S bor Sir George Beilby's “ Aggregation and Flow of Solids," by courtesy © 
the author. 
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A. The resistance of the pure metal coil in the same cireuit as the shining lamp 
deen reduced by surrounding it with a freezing 
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